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NOMENCLATURE 

' ^bare 

A. 

Aepi 

Aepi-f i t 

" e p i - n o r m 

Ath 

Ath-fi t 

A t h - n o r m 

Abare 

Aep. 

Agub 

C, . C, , 

CdR 

D 

D,, Dj. 

E „ ( T ) 

Hr) 

Ft 

G ( T ) 

" .p i ( ' -> 

H,h(T) 

t 

to 

Specif ic ac t iva t ion (activation per un. t m a s s ) of foU. ( T h r o u g h o u t th i s r e p o r t , the word 

"ac t i va t i on" m e a n s "specific ac t iva t ion . ") 

Act iva t ion of a foil with thickne»s IQ. 

O b s e r v e d ac t iva t ion of a bare foil c o r r e c t e d for g a m m a s e l f - a b s o r p t i o n . 

Act iva t ion of a foil with thicknets t , . 

O b s e r v e d ac t iva t ion of a cadmium-cove red foil, c o r r e c t e d for g a m m a s e l f - a b s o r p t i o n . 
e p i c a d m i u m abso rp t ion by the c a d m i u m c o v e r , and s u b c a d m i u m t r a n s m i s s i o n by the 

c a d m i u t n c o v e r . 

F i t t ed v a l u e s of the cor rec ted c a d m i u m - c o v e r e d foil a c t i v a t i o n . 

N o r m a l i z e d fitted va lues of the c o r r e c t e d c a d m i u m - c o v e r e d foil a c t i v a t i o n . 

C a l c u l a t e d t h e r m a l activation of a b a r e foil; A^^ = ^b^re - ^ e p i - f i t -

F i t t e d v a l u e s of the t h e r m a l activation of a b a r e foil. 

N o r m a l i z e d fitted va lues of the t h e r m a l ac t i va t ion of a b a r e foi l . 

O b s e r v e d ac t iva t ion of a bare foil. 

O b s e r v e d ac t iva t ion of a cadmium-covered foil. 

S u b c a d m i u m component of A^-j. 

Coeff ic ients for l e a s t - s q u a r e s fit of the e p i c a d m i u m a c t i v a t i o n . 

C a d m i u m r a t i o that would be observed for an idea l f i l t e r that c h a n g e s s h a r p l y froin black to 

t r a n s p a r e n t at the c a d m i u m cut»ff ene rgy ; CdR = A t a r e / ^ e p i 

F r a c t i o n a l dev ia t ion of foil thickness fronn nomina l ; def ined by Eq . 17. 

Coef f ic ien ts for l e a s t - s q u a r e s fit of the s u b c a d m i u m a c t i v a t i o n . 

n t h - o r d e r exponent ia l Integral. 

S ing le - r e s o n a n c e self- shielding function. 

C o r r e c t i o n fac tor for epicadmium a b s o r p t i o n by the c a d m i u m c o v e r s . 

T h e r m a l s e l f - s h i e l d i n g function 

W e i g h t - c o r r e c t i o n function forihe e p i c a d m i u m c o m p o n e n t of the foil a c t i v a t i o n . 

W e i g h t - c o r r e c t i o n function for the t h e r m a l componen t of the b a r e foil a c t i v a t i o n . 

Fo i l t h i c k n e s s . 

Nomina l foil t h i c k n e s s . 

I n t e r m e d i a t e t h i c k n e s s , between tn and t. 

7( t ) 

' e p i 

«th 

«o 

T h e r m a l t r a n s m i s s i o n factor for c a d m i u m c o v e r s . 

Gannnna s e l f - a b s o r p t i o n function 

W e i g h t - c o r r e c t i o n fac tor for ep i the rmal a c t i va t i on . 

W e i g h t - c o r r e c t i o n fac tor for thermal ac t i va t i on . 

M a c r o s c o p i c a b s o r p t i o n cross sec t ion , 

t Z j , the " b l a c k n e s s " of the foU to n e u t r o n s . 

Value of T for a foil of thickness l„. 

Value of T for a foil of thickness t , 

Value of T a s ca lcu la ted f rnn .L 
t M i r o m t h e s p e c t r u m - a v e r a g e d t h e r m a l a b s o r p t i o n c r o s s sec t ion . 

Neu t ron flux. 

N e u t r o n flux a v e r a g e d over the vo lume of the foil . 

U n p e r t u r b e d neu t ron flux at t h . l oca t i on of the foil . 





THICKNESS CORRECTIONS FOR 
NEUTRON-ACTIVATED GOLD FOILS 

by 

George S. Stanford and Jannes H. Seckinger 

ABSTRACT 

Curves for determining thickness-correct ion factors 
for treating counting data for sets of neutron-activated, un
matched gold foils have been deternnined experimentally, by 
using the first derivative of the curve of activation versus 
thickness. This was done for both epithermal and thermal 
activation of gold foils i r radiated in a near- isotropic flux in 
a void in a graphite thermal column. The epithernnal activa
tion agreed well with a published theoretical calculation. 

To obtain a differentiable curve fronn the activation 
data, a computer code was written to perfornn a least-squares 
fitting process to obtain the coefficients C- for the equation 

A(t) = C, + C2f(t) + Cjf^d) + C,f'(t), 

where A(t) is the specific activation of a foil of thickness t, 
and f(t) is a differentiable function vuiith a theoretical basis 
for being at least an approximate fit to the data. For the 
epithermal data, the calculated self-shielding function for a 
s ingle-resonance approximation was used for f(t). For the 
thermal case, f(t)was taken to be the standard thernnal self-
shielding function. One advantage of this approach over fit
ting to an a rb i t ra ry function, such as a polynomial or sum 
of exponentials, is that we can extrapolate to zero thickness 
with greater assurance. 

I. INTRODUCTION 

Low-power cri t ical experiments a re widely used to check calcula
tional nnethods for designing high-power reac to rs , and in such experinnents 
nneasurements of neutron-flux distributions are needed. Flux distributions 
are conveniently nneasured with sets of foils of various nnaterials that have 
suitable neutron-activation charac te r i s t i c s . Foils are used because they 
are small , easily handled, and relatively nonperturbing to the neutron flux 
or the core components. F rom the relative activations, one can deduce 
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information about the neutron spectrum and the power distribution. The 
former is needed for reactivity calculations; the latter is used in formu
lating cooling requirements and detailed core design. 

When many foils are used in a single experiment, it is usually not 
practical to match them perfectly in thickness. For foils that are "thin 
(in the sense that tZ^, the product of the thickness t and the macroscopic 
absorption cross section 2^ , is small), adequate thickness correct ion can 
usually be made by dividing the observed activation by the weight of the 
foil (assuming that each foil has the same area) . If, however, the foils a re 
thick enough so that the inner layers are appreciably shielded from neutrons 
by the outer layers , or that the radiation from the activated atoms is appre
ciably affected by the surrounding foil mater ia l , correcting for thickness 
variations becomes more complicated. 

Such is the case for gold foils of practical thickness. Gold is chemi
cally stable and has a suitable half-life and a conveniently large activation 
cross section that cause it to be extensively used in activation experiments . 
The cross section of gold has a very different energy dependence in the 
thermal and epithermal regions: In the thermal region, the absorption cross 
section is inversely proportional to the neutron velocity, with the value 
98.8 b at 0,025 eV, in the epithermal region, there is a large absorption 
resonance at 4.9 eV, with a peak value of some 37,000 b. Because of this, 
to make accurate thickness corrections to a set of gold foils, the epithermal 
and thermal components of the activation must be corrected individually. 

Cadmium foil covers are frequently used for separating the thernnal 
and epithermal connponents. Cadmium has a very large absorption cross 
section for neutrons of energy less than ~0.5 eV ("subcadmium" neutrons), 
but a very small one for neutrons of higher energy ("epicadmium" neutrons), 
so that a suitably thick cadmium cover (20-40 mils) will shield a foil from 
thermal neutrons. (The terms "epicadmium" and "subcadmiunn" are ap
proximately interchangeable with "epithernnal" and "thermal, " respectively.) 

The principal aim of this report is to present a means for routinely 
applying thickness corrections to activation data from sets of gold foils. 
Also reported are measurements of self-shielding factors for reducing the 
observed activation of a gold foil of known thickness to the activation that 
would have been observed for an infinitely thin foil. The lat ter will be com
pared with some published theoretical work and also with some other r e 
ported measurements . 
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II. THEORY 

A. Weight-correct ing Unmatched Foils 

The correction factors for a set of unmatched foils will be denoted 
by the quantities 6gpi and 6th- The quantity 6gpj will be defined such that 
for gamma counts, 

Aepi(to) = 6epi ' Aepi(t), ( l ) 

where t is the foil thickness which differs fronn the nominal thickness to, 
and Agpj is the cadmium-covered activity per unit nnass, corrected for 
gannma self-absorption, epicadmium absorption by the cadnnium, and sub
cadmium transmiss ion by the cadnniunn. In other words, A^pi is the epi
cadnniunn activation a bare foil would have received. (Throughout this 
report, all activations are per unit mass . ) 

The quantity d^^i will be defined such that for gamma counts 

Abare(to) = ^thAthi*) + 6epiAepi(t). (2) 

where A^are is the bare-foil activity corrected for gannma self-absorption. 
We observe that, in general, 6epi and 6(;h are functions of both to and t. 
Since the cadmium ratio is defined as 

- • « " - ^ -
% 

and 

Ath(t) = Abare(t) - Aepi(t), 

we can write 

Ath(t) = Abare(t)[(l - l /CdR(t)] . (4) 

Substituting Eqs. 3 and 4 into Eq. 2 gives 

Abare*'") = *th 

which can be written as 

' - C d k n ] ^ b a r e ( 0 + &ep^ - c ^ Abare(t). 

Abare('o) = Abare(t)[*th + ^ f ^ ] - (5) 



12 

For foils of practical thickness, 6^1, is approximately unity and 6epi 
will rarely differ from 6th by more than 20%. Hence Eq. 5 is not sensitive 
to an e r ror in the value assumed for CdR; therefore, for weight cor rec t ions , 
CdR need not be known with high accuracy. 

The method for finding 6epi and 6th wiU be developed in Section D 
below. 

B. Thermal H-function 

The slope of the activation-versus-thickness curve can be used to 
deduce, from the observed activation of a foil thickness t, the activation 
that would have been observed had the foil been of nominal thickness to-

The quantity H(T) , related to the slope of the activation versus 
thickness curve, will be defined as 

H(T) - - ^ 4^. (6) 
^ ' A dT 

where A is the activation rate in the foil per unit mass and is proportional 
to the average flux throughout the foil, and T represents the macroscopic 
thermal absorption cross section Z^ of the foil times its thickness t. Thus 
H, a dimensionless number, is the fractional change in activity for a small 
fractional change in T. 

In the presence of thermal self-shielding and flux depression, the 
ratio of the average thernnal flux 0 throughout the volume of the foil to the 
unperturbed flux (fo will be denoted by the function G(T) , which is given by ' 

° '^^ - 00 " l + [ ^ E 3 ( T ) ] g (^) 

where E^{T) is the third-order exponential integral 

f (e-^Vx') dx. 

and g is a parameter that depends on the foil radius and the nature of the 
mediunn in which the foil is being irradiated.* The numerator on the right 
side of Eq. 7 corresponds to the self-shielding of the foil, and the denomi
nator to the flux depression in the surrounding medium. In this experiment, 
the foils were irradiated in a void in a graphite medium, where the flux 
depression is negligible and the value of the parameter g is zero . Thus, for 
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the purposes of this experiment, the ratio of the average flux throughout 
the volume of the foil to the unperturbed flux is given by 

G(r)=A=±^-E^. 
00 T 

(8) 

Remembering that for any given foil the activity is proportional 
to 0, differentiating Eq. 8, and substituting it into Eq. 6, we get 

H,h(T) = 
G(Tth) d^th 

T E ; ( T ) 

i - E3(T)- (9) 

This is the theoretical value of Hjjjl'''), which will be compared with mea-
surennents in Section V.G. 

C. Resonance H-function 

For the case of a single large Breit-Wigner level and isotropic 
neutron flux, the resonance self-shielding in a foil is given by^ 

f(T) _0_ _r r 
^0 ' ' Jr /z 

y-'e-y[lo(y) + I,(y)]dy, (10) 

where IQ and Ij are the zeroth and first o rde r s , respectively, of the modified 
Bessel functions of the first kind, and T is the value of t2 ^ at the peak of the 
resonance. We are neglecting flux depression, the effect of which is small 
for resonance neutrons, even when the foil it not in a void. 

Since for any given foil the activity is proportional to 0, differenti
ating Eq. 10 and substituting it into Eq. 6 give (see Section IV.C for 
differentiation) 

«epi(^) -'-ih^- 7M-^/^[MTA)M.(Va)] - 1. (11) 

This is the s ingle-resonance approximation for H^pj and will be compared 
with experiment in Section V.D. 

D. Formula for the Weight-correction Factors 

Let Ao and A be (respectively) the activation rates per nnilligram 
for a foil of nominal thickness to, and for a foil whose thickness t may 
differ from to. Then 

, I dA 
Ao = A + (To - T) — (12) 
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w h e r e dA/dT is eva lua t ed at s o m e T. lying be tween To and T, t e ^"^^^^^ ^^ 
denot ing " i n t e r m e d i a t e . " (Accord ing to the Mean Value T h e o r e m , 
a lways a T- tha t m a k e s Eq. 12 exac t . ) Since Eq . 6 can be w r i t t e n 

dA 
dT 

A i 
H(Ti), 

( 13 ) 

then 

Ao - A = Ai l - I i H(Ti). 
(14) 

a n d 

If we m a k e the a p p r o x i m a t i o n s 

Ai = (Ao + A ) / 2 , 

Ti == (TO + T ) / 2 , 

(15) 

(16) 

and if we let the f rac t iona l dev ia t ion D of the foil t h i c k n e s s f r o m n o m i n a l 
be defined by 

T - To 
T + To t + to 

t h e n E q . 14 c a n b e w r i t t e n 

Ao - A = •j(Ao + A ) H ( T i ) D , 

a n d b y s i m p l e a r r a n g e m e n t E q . 18 b e c o n n e s 

Ao. 
A 

2 + D H ( T i ) 

2 - D H ( T i ) • 

( 1 7 ) 

( 1 8 ) 

(19) 

Equa t ion 19, the w e i g h t - c o r r e c t i o n f o r m u l a , a p p l i e s equa l l y we l l to t h e r m a l 
and r e s o n a n c e ac t iva t ion ; it is only n e c e s s a r y to u s e the a p p r o p r i a t e v a l u e s 
of H and t Z ^ . The t h e r m a l c r o s s s e c t i o n to u s e is the s p e c t r u m - a v e r a g e d 
t h e r m a l a b s o r p t i o n c r o s s s ec t i on , wh ich for a M a x w e l l i a n s p e c t r u m is 
V7y2 t i m e s the 2 2 0 0 - m / s e c c r o s s s e c t i o n . The r e s o n a n c e c r o s s s e c t i o n 
used in the c a l c u l a t i o n s for th i s e x p e r i m e n t w a s the p e a k c r o s s s e c t i o n of 
37,000 b . 

Thus the w e i g h t - c o r r e c t i o n f a c t o r s 6gpi and 6 th u s e d in E q s . 1 and 5 
a r e found by us ing the equa t ions 

^ + D H ^ p i ( t i ) 

' - p i - 2 - D H g p i ( t i ) ' 
(20 ) 
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and 

2 + DHth(t,) 
*th - 2 - D H t b ( t i ) - ^ ' '> 

In most cases , it is sufficiently accurate, and nnuch easier , to let 
t: equal to in Eqs. 20 and 21, rather than determine a distinct value of H for 
each individual foil. Thus. 

2 + DHepi(to) 
*epi = 2 - D H , p i ( t o ) ' ^ " ^ 

and 

2 + DHth(to) 
2 - DHjj,(to)' 

Graphs for deternnining H are presented in Chapter V. 

*th = 2-DH,t , ( to) - ^ " ^ 
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m. EXPERIMENTAL TECHNIQUES 

A. Foil Preparation 

The gold foils used in this experiment were 1-cm square. For 
thicknesses greater than 1.2 mg/cm^ the foils were punched from rolled 
sheets with a high-precision punch-and-die set, and their thicknesses were 
determined by weighing on an analytical balance. For weights less than 
10 mg, a six-place microbalance was used, and each foil was weighed at 
three separate times (8 a.m., 3 p.m., and 8 p.m.), for an accuracy of ±10 Mg-
A five-place balance, with an accuracy of ±50 fig, was used for the thicker 
foils. 

The foils thinner than 1.2 mg/cm^ were prepared by evaporation 
onto a 5-mil Mylar backing. A mask of 30-mil aluminum, as shown in 

Fig. 1, was used. All the holes in the nnask 
were within a 6-cnn-diam circ le , which, for 
the evaporation geometry used, was calcu
lated to provide deposits that were the same 
to ±1%. 

ALUMINUM S H E E T -

TAPE USED TO HOLD 
MYLAR PIECES IN 

PLACE 

Fig. 1, Top View of Mask Arrangement for 
Preparing Evaporated Gold Foils 

It was thought at f i r s t t ha t a M y l a r 
shee t ( 1 . 5 x 3 in . ) cou ld be p l a c e d on the 
m a s k and the 1 - s q - c m foi ls cu t out of the 
shee t af ter the e v a p o r a t i o n . It t u r n e d out 
to be p r a c t i c a l l y i m p o s s i b l e to cu t out the 
1-cm s q u a r e a c c u r a t e l y , wi thou t d a m a g i n g 
the gold p l a t e d on the M y l a r . To m e e t the 
d e m a n d s of an a c c u r a t e a r e a of 1 cm^, the 
M y l a r foi ls w e r e punched b e f o r e be ing 
coa ted , u s i n g the p r e c i s i o n p u n c h - a n d - d i e 
s e t . The punched M y l a r foi ls w e r e p l a c e d 

in the s q u a r e ho les on the left s ide of the m a s k by m e a n s of th in s t r i p s of 
tape ( see F i g . 1). With c a r e , the t ape could be rennoved f r o m the M y l a r 
backing without d i s t u r b i n g the gold f i lm. 

The t h i c k n e s s of the e v a p o r a t e d gold foi ls w a s d e t e r m i n e d by weigh
ing, as fol lows: The gold was e v a p o r a t e d onto 2 - m i l a l u m i n u m s h e e t 
( 3 x 1 . 5 in. , p o s i t i o n e d behind the m a s k as shown in F i g . 1) and onto the 
1 - s q - c m M y l a r foi ls s i m u l t a n e o u s l y . Al though the u n i f o r m i t y of the d e 
pos i t ed f i lm was not e x p e r i m e n t a l l y c h e c k e d , no effect c o m e s to m i n d that 
could c a u s e a p p r e c i a b l e a s y m m e t r y b e t w e e n the two h a l v e s of the m a s k . 
The a l u m i n u m was we ighed be fo re and af te r the e v a p o r a t i o n , on the s i x -
p l a c e m i c r o b a l a n c e , wi th an a c c u r a c y of ±10 fig, as out l ined above . The 
weight d i f f e rence could be de te rmine 'd wi th in 1 to 3%, depend ing on the foil 
weigh t . 
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Mylar was selected for the evaporation backing, after several mate
rials were tr ied, because the deposited layer of gold adhered well enough 
to permit the subsequent handling. On the other hand. Mylar could not be 
used as the backing for the weight determinations, because its weight would 
vary from one weighing to the next--probably because of changes in moisture 
content. Aluminum was satisfactory for that purpose, since only mininnal 
handling was required. 

B. Irradiation 

The irradiation took place in the graphite thernnal column of the 
Argonne Thernnal Source Reactor (ATSR). The ATSR is a highly enriched 
(93.2% U), l ight-water-moderated reactor . The core tank, which contains 
the fuel elements, water moderator , and reflector, is located inside a large 
shield tank. The core is fastened to the center of one side of the shield 
tank, called the "front face." This leakage face is next to the graphite pile 
(as shown in Fig. 2). 

The foils used in this experiment were placed in 0.020-in.-thick cad
mium and aluminum covers . (The thermal - t ransmiss ion and epicadnnium-
absorption correct ion factors for the cadmium covers are discussed in 
Section IV.C.) The foils were taped to an l l - i n . - d i a m alunninunn wheel ,near 
the periphery, alternately cadmium and aluminum covered. The wheel was 
attached to an assembly (as shown in Fig. 2) which rotated the wheel at a 
constant rate throughout the irradiation, to ensure that all foils were ex
posed to the same flux. The wheel assembly was located in a foot-square 
cavity, with 8 in. of graphite between it and the reactor face. The wheel 
face was paral lel to the reactor face. ^ 

Because of the large range of foil weights, two separate irradiations 
were made. To ensure reproducibility, the reactor geometrywas notchanged 
between the i r radiat ions, and graphite s t r ingers and blocks were placed on 
top of the graphite pile in such a way that the wheel assembly could beplaced 
in a reproducible position for both runs. The first irradiation, foils nunn-
bered 1 through 32, was for 2 hr at approximately 1 kW. The second i r rad i 
ation, foils nunnbered 21 ' through 32' and 33 through 48, was for 30 min at 
approxinnately 250 W. For nornnalization purposes, there was a 12-foil over
lap (six bare and six cadmium covered). The overlapping foils (21 through 
32, 21 ' through 32') were matched in weight to within 1%. (The weights are 
listed in Appendix B.) 

C. Counting 

The activated foils were counted automatically in sample changers 
of the type shown in Fig. 3. There a re two detectors (2x2- in . NaI:T£ c r y s 
tals) per sample changer, with the annplifier for each detector feeding two 
(South Counting Room) or three (North Counting Room) single-channel ana
lyzers and sca l e r s . The use of two detectors located above and below the 
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112-7816 

Fig. 2. ATSR Facility, Showing Location of Wheel Assembly 
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Fig. 3. Automatic Foil-counting Facility 

foil p e r m i t t e d f i r s t - o r d e r c a n c e l a t i o n of the effects of s m a l l v e r t i c a l d i s 
p l a c e m e n t s in the foil p o s i t i o n s , and the r edundancy in the s u b s e q u e n t 
c i r c u i t r y was useful i n s u r a n c e a g a i n s t p o s s i b l e l o s s of da ta due to m a l 
function of one of the e l e c t r o n i c c o m p o n e n t s . 

In the u s e of the a u t o m a t i c foil c h a n g e r s , the foils on t he i r p l a n c h e t s 
w e r e in i t i a l ly loaded in one of the two s t a c k s ; a f ter each foil was counted , 
it would a u t o m a t i c a l l y be i n s e r t e d at the bottonn of the o t h e r s t a c k . The 
foils w e r e cyc l ed r e p e t i t i v e l y ; be tween c y c l e s they w e r e r e s t a c k e d so that 
each c y c l e s t a r t e d with the f i r s t foi l . The two d e t e c t o r s ins ide the lead 
co lumn at the left in F i g . 3 w e r e wel l r e m o v e d f rom the s t a c k s to p e r m i t 
adequa te sh ie ld ing for g a m m a count ing , a s l ide being u s e d to t r a n s p o r t the 
p l anche t to i ts count ing pos i t i on be tween the d e t e c t o r s . 

The p u l s e s w e r e p r o c e s s e d by conven t iona l a m p l i f i e r s , s i n g l e -
channe l a n a l y z e r s , and s c a l e r s , the da t a being punched a u t o m a t i c a l l y on 
IBM c a r d s . All the foi ls w e r e coun ted in each of two count ing roonns: N o r t h 
and South, Bui ld ing 316. The two s e t s of count ing equipnnent w e r e u s e d to 
d e t e r m i n e if the m i n o r v a r i a t i o n s in count ing g e o m e t r y and e l e c t r o n i c s had 
an a p p r e c i a b l e effect on the shape of the a c t i v a t i o n - v e r s u s - t h i c k n e s s c u r v e s , 
and to p r o v i d e a g e n e r a l c h e c k on the r e p r o d u c i b i l i t y of the count ing d a t a . 

The p e r f o r m a n c e of the e q u i p m e n t was s a t i s f a c t o r y : The s c a t t e r 
in s u c c e s s i v e counts of the s a m e foil was u s u a l l y c o m m e n s u r a t e wi th the 
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count ing s t a t i s t i c s . Ind ica t ions a r e tha t pos i t ion ing e r r o r s b e t w e e n eye 
and r a n d o m dr i f t s in the e l ec t ron i c c i r c u i t s , l ead to e r r o r s c o n s i d e r a b l y 
l e s s than 0 .1%. T h e r e a r e s y s t e m a t i c d i f f e r e n c e s , f r o m f ° ; \ ' ° / " ^ ^ / Y u c h 
s tack , in the r e l a t i v e count ing r a t e s in the top and b o t t o m d e t e c t o r s Such 
d i f f e r ences , amount ing in some c a s e s to 1% or m o r e , can be due t ° u n 
avoidable d i f fe rences in the v e r t i c a l pos i t ion ing of the fo i l s . C o n s e q u e n t l y 
the r e s u l t s for the top and bo t tom d e t e c t o r s w e r e a v e r a g e d - - a p r o c e s s tna t 
p r o v i d e s good cance la t ion of t he se s y s t e m a t i c d i f f e r e n c e s . 

To ach ieve s a t i s f a c t o r y s t a t i s t i c s , the count ing t i m e w a s p r e s e t so 
that at l e a s t 15,000 counts would be a c c u m u l a t e d , and one of the s c a l e r s w a s 
p r e s e t to stop at 80,000 coun t s . This gave a s t a t i s t i c a l - e r r o r r a n g e of 0^4 to 
0.8% and a r e a s o n a b l e counting t i m e . At l e a s t s even t r a v e r s e s t h r o u g h the 
s t a c k w e r e obta ined dur ing an overn igh t run, thus r e d u c i n g the s t a t i s t i c a l -
e r r o r r a n g e to 0.1 to 0.3%. 

The foils w e r e counted at two i n t e g r a l b ias s e t t i n g s : " low" ( a p p r o x i 
m a t e l y 60 keV) and "high" ( including the 411 -keV gold p e a k and a b o v e ) . The 
p r o g r a m COMBO ( d e s c r i b e d in Sec t ion IV.B) was u s e d to c o m p u t e the r a t i o 
of the l o w - b i a s to h i g h - b i a s r e s u l t s , and the effect o b s e r v e d is d i s c u s s e d in 
Sect ion V.B. 

In g e n e r a l , the l a r g e s t s o u r c e of count ing e r r o r h a s to do wi th d e a d -
t i m e c o r r e c t i o n s . The r e s o l v i n g tinnes w e r e a p p r o x i m a t e l y 4 or 5 fisec, but 
the exact value depends on such count ing condi t ions as b i a s s e t t i n g and foil 
m a t e r i a l and v a r i e s f rom one count ing channel to the nex t . A c o m p u t e r code 
was u s e d in the rou t ine de te rnn ina t ion of the d e a d t i m e by the d o u b l e - s o u r c e 
me thod , but even then the r e s u l t s a r e not be l i eved to be m u c h b e t t e r than 
±1 flsec. To m i n i m i z e the u n c e r t a i n t y due to d e a d t i m e , the coun t ing r a t e s 
w e r e kept wel l be low 5000 c o u n t s / s e c . 

I m m e d i a t e l y af ter the f i r s t i r r a d i a t i o n , the coun t ing r a t e s r a n g e d 
f rom 100 to 50,000 c o u n t s / s e c . To m e e t the r e q u i r e m e n t tha t count ing r a t e s 
be l e s s than 5000 c o u n t s / s e c , the foi ls f r o m the f i r s t i r r a d i a t i o n w e r e 
counted in two g r o u p s . The foils in Group 1 w e r e t h o s e foi ls wi th a count ing 
r a t e of 5000 c o u n t s / s e c or l e s s i m m e d i a t e l y a f te r the i r r a d i a t i o n ( b a r e foils 
1 th rough 11 and c a d m i u m - c o v e r e d foi ls 2 t h r o u g h 24*) . The r e s t of the foils 
f rom the f i r s t i r r a d i a t i o n (ba re foi ls 13 t h r o u g h 31 and c a d m i u m - c o v e r e d 
foils 26 t h rough 32) w e r e a l lowed to d e c a y for 10 days (3.7 h a l f - l i v e s ) . F o r 
n o r m a l i z a t i o n p u r p o s e s , ten of the m o s t a c t i v e foi ls f r o m G r o u p 1 w e r e 
counted again with Group 2. Thus Group 2 con t a ined b a r e foi ls 3 t h r o u g h 31 
and c a d m i u m - c o v e r e d foils 16 t h r o u g h 32. R e f e r e n c e to Sec t ion I I I .B and 
to Tab le II in Appendix B wil l he lp to c l a r i f y the f o i l - n u m b e r i n g s y s t e m . 

I m m e d i a t e l y af ter the s e c o n d i r r a d i a t i o n (foils 2 1 ' t h r o u g h 3 2 ' and 
33 th rough 48), the count ing r a t e s r a n g e d f r o m 1000 to 74,000 c o u n t s / s e c . 

* The odd-numbered foils were bare, and the even-numbered cadmium covered. 
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To keep the counting rates below 5000 counts /sec , the foils fronn the second 
irradiation were counted in three groups (Groups 3, 4, and 5). The foils in 
Group 3 were those with a counting rate of 5000 counts/sec or less immedi
ately after the i rradiat ion. The foils in Group 4 were allowed to decay for 
eight days (three half-lives), and the two nnost active bare foils were allowed 
to decay for ten days (3.7 half-lives). For normalization purposes, ten of 
the foils in Group 3 were recounted in Group 4, and five of the foils in 
Group 4 were included in Group 5. Thus Group 3 contained bare foils 2 1 ' 
through 29' , 31, and 33 and cadmium-covered foils ZZ' through 32' and 34 
through 42; Group 4 included bare foils 25' through 29' , 35 through 43, and 
cadmium-covered foils 34 through 48: and Group 5 consisted of bare foils 
35 through 47. 

Before each group was counted, the deadtime correction for that 
group was determined by the pa i red-source method, using the two hottest 
foils in the group The TWOSORCE '* computer program was used to 
calculate the deadtime, and the resulting value was used in the data-
processing code RP-202. 
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IV. DATA ANALYSIS 

A. RP-202 

The first stage of data processing was done with RP-202, a standard 
ANL computer code for processing foil-counting data. As input, this code 
uses the counting-data cards produced by the automatic foil-counting sys 
tems. It corrects for counter efficiency, background, deadtime, foil weight, 
and decay since the time of irradiation, and computes the saturated specific 
activity on the basis of the input irradiation t ime. These resul ts a re printed 
numerically and graphically, along with the statist ical e r r o r s . Then for 
each foil the average of all the determinations of saturated activity is calcu
lated, both unweighted and weighted according to the counting s ta t i s t ics . 
The results are printed out, together with the stat ist ical e r r o r in the 
weighted average and the standard deviation in the unweighted average. In 
addition, the program produces punched cards containing the weighted aver
ages for use in subsequent processing by the COMBO code. 

B. COMBO 

The data for the five groups of foils were combined and normalized 
by the COMBO computer p rogram. ' For the COMBO program, the principal 
input consists of the weighted-average specific activity for each foil and 
each scaler, as punched out on IBM cards by RP-202. 

Processing proceeds in two stages. In the first stage, for each group 
of foils the data for all the scalers are averaged foil by foil, and the results 
are stored for subsequent use and printed out. In the second stage, all the 
groups of foils are combined into one. By matching foil identifiers, which 
are included in the output from RP-202, the p rogram locates the foils that 
are common to the first and second groups, and from the relat ive activities 
of the common foils, it deternnines the multiplier to be applied to the foils 
of the second group. After the multiplication is performed, the two groups 
are combined into one, and then this new group is s imilar ly combined with 
the third group, and so on, until five groups are combined into one. When 
the process has been completed, the resul ts a re normalized to the most 
active foil and printed out 

The program COMBO combined five groups of data and normalized 
the results for the four different sets : North High Bias; North Low Bias; 
South High Bias; South Low Bias. 

C. STANSECO 

STANSECO, a computer code for the CDC-3600', was written during 
this work. The principal input for the program is the relative specific 
activities (from COMBO), weighting factors, and the foil weights. The 
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program's main function is to apply corrected activity to the appropriate 
theoretical function, and to calculate the self-shielding and thickness-
correction factors . The FORTRAN listings a re given in Appendix C. 

1. Cadmium-covered Foils 

The observed cadmium-covered foil activity nnust be corrected 
for gamma self-absorption, and for epicadmium absorption and subcadmium 
transmission of neutrons by the cadmiunn cover. The corrected activity is 
then the epicadmium activity that the foil would have if covered by an "ideal" 
filter, an ideal filter being one that changes sharply from black to t r ans 
parent at the cadnnium cutoff energy. The observed cadmium-covered foil 
activity Agpj can be separated into two connponents, subcadmium and 
epicadmium: 

A 
A' • = A' u + -P ' (24) 
•^epi -^sub ^ Ft7( t ) ' 

where t is the thickness of the foil, 7(t) is the gamma self-absorption func
tion (discussed in Section V.A), F . is the epicadmium absorption factor for 
20-mil cadmium, ' Agp; is the corrected epicadmium activation, and Agub '^ 
the subcadmium component of the observed activity of a cadmium-covered 
foil. 

Rewriting Eq. 24, we obtain 

Aepi = Ft7(t)(A4pi-A^ub)- (25) 

* 
The s u b c a d m i u m c o m p o n e n t , Agub- ^s def ined as 

A ' K = ^ ^ (26) 
A s u b .y(t) • ^ ' 

w h e r e Ath '^ '•^^ s u b c a d m i u m ac t i v i t y that a b a r e foil would h a v e , and a is 
the t h e r m a l - t r a n s m i s s i o n f ac to r as de t e rnn ined f r o m F i g . 1 of Ref. 10. 

The c o r r e c t e d c a d m i u m r a t i o is def ined a s 

CdR - ^ ^ ^ - ^ ^ > ^ ; ^ e P - = ^ . 1 . (27) 

Aepi Agpi Agpi 

E q u a t i o n 27 c a n be w r i t t e n a s 

Ath = A e p i ( C d R - l ) . (28) 
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By subs t i tu t ing E q s . 28 and 26 into Eq. 2 5, one gets 

a A g p i ( C d R - l ) ' 
A . = F .7 ( t ) em t '> ' e p i 

A' epi " 7(t) 

Thus the c o r r e c t e d e p i c a d m i u m ac t iva t ion is 

A4pi7(t) (29) 
^ e p i - l / F j + a ( C d R - 1 ) ' 

O b s e r v e that s ince F^ and 7(t) a r e c l o s e to uni ty , and s i n c e a is s m a l l (of the 
o r d e r of 10"^), even a c rude e s t i m a t e of CdR is a d e q u a t e for t h i s c o r r e c t i o n , 
un l e s s CdR is v e r y l a r g e . 

In the p r o c e s s i n g by STANSECO, the c o r r e c t e d e x p e r i m e n t a l ep i 

c a d m i u m act ivat ion Agpi was fi t ted by the m e t h o d of l e a s t s q u a r e s to the 

equation 

Aepi(T) = C, + C,i{T) + C3f'(T) + C4f'(T) + . . . . (30) 

w h e r e f(T) is the s i n g l e - r e s o n a n c e s e l f - s h i e l d i n g funct ion d e s c r i b e d by 
Trubey , B l o s s e r , and E s t a b r o o k , ^ given in Eq . 10. The p r o g r a m u s e s 
E q s . 29 and 10 in Eq . 30 to find the C j , the i n t e g r a l in E q . 10 be ing d e t e r 
mined by n u m e r i c a l i n t e g r a t i o n . S ince 

l im f(T) = 0, 
T-*oo 

and phys ica l r e a l i t y r e q u i r e s A^ ^ ( T ) to a p p r o a c h z e r o a s T a p p r o a c h e s 
infinity, the f i r s t coeff ic ient , C j , was c o n s t r a i n e d to be a p p r o x i m a t e l y z e r o . 
This was done by us ing the a r t i f i c i a l d a t u m po in t 

f(T) = 0, Agpi(T) = 0, 

with a v e r y l a r g e weight ing f a c t o r . 

F o r the r e s t of the p o i n t s , the we igh t ing f a c t o r s w e r e d e t e r m i n e d 
f rom the e s t i m a t e d e x p e r i m e n t a l e r r o r s . The coun t ing s t a t i s t i c s w e r e a p 
p r o x i m a t e l y the s a m e for al l f o i l s . F o r the l ight fo i l s , the we igh ing u n c e r 
t a in t i e s w e r e the chief s o u r c e of e r r o r , but for the h e a v i e r fo i l s , the weighing 
e r r o r s w e r e l e s s i m p o r t a n t than the d e a d t i m e u n c e r t a i n t i e s . The e r r o r in 
the weights of the foi ls ( r ang ing f r o m 3% in the t h innes t foils to 0 . 1 % in the 
t h i ckes t ) was d e t e r m i n e d by the a c c u r a c y of the b a l a n c e . D e a d t i m e u n c e r 
t a in t i e s c o n t r i b u t e d an e r r o r of appro"ximate ly 0.3%. The we igh t ing f a c t o r s 
u s e d in the l e a s t - s q u a r e s fit s u b r o u t i n e w e r e c a l c u l a t e d a c c o r d i n g to 
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weighting factor = (31) 
^ * e r r o r ^ ' 

and ranged from 0.33 to 10. 

The Cj as calculated by the leas t - squares subroutine define the 
fitted epicadmium activity as 

Aepi-fit(T") = C, + Czf(T) + C3f'(T) + C4f'(T) + ... . (32) 

Note that 

Aepi-fit(O) = I C „ 

lim f(T) = 1. 
T—0 ' 

Thus the sum of the coefficients of the leas t - squares fit gives the extrapo
lated value of the activity at zero thickness. The experimental values 
Agpj(T), and the fitted values Aepi.fit(T), of the epicadmium activity were 
normalized by dividing by ^evii-iit^^)' Graphs of these normalized values, 
along with a theoretical function, are given in Chapter V. 

The H-function for the epicadmium activity is defined (see 
Eq. 6 ) a s 

"ep i ( - ) = A . ' " (T) ^ [ A e p , . n o r m ( - ) ] . (33) 
epi-norm^ ' 

where Agpi.jjormt^) 1̂  '1^^ normalized fitted epicadmium activity, 

(r) ^epi-fitC^) 
epi-norm^^^ " Kpi-iiti^)' 

Thus 

^ [ A e p i - n o r m ( ^ ) ] = Aepi'.fit(O) ^ t A e p i . f i t ( T ) ] . (34) 

Differentiating Eq. 32 and substituting into Eq. 34 give 

^ [ A e p i - n o r m ( ^ ) ] = A^ ,'^,^(0) ^ i ^ z ^ ^C,i(T)^ IC,^(T)^ ...]. (35) 
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To find df(T)/dT, we note the identity 

/ 

^ , V (36) 
F'(x) dx = F(b) - F(a), 

a 

from which 

- 1 r F'(x) dx = -F '(a) . (37) 
da 

Recalling Eq. 10 that 

nCO 

f(T) = i / y-'e-y[lo(y) + Ii(y)]dy, 
'T/Z 

and using Eq. 37, we get 

_df( 
d( 

f\ OO 

i ^ = ^ [ - F ' ( T / 2 ) ] + / F ' (y)dy , 

(38) 

T/z 

where we have denoted the integrand in Eq. 38 by F'(y). Thus, 

df(r) ^ i(T) _ £Zt\i,ij/z)^Y,[T/l)\. (39) 

dT T T 

By substituting Eqs. 35 and 39 into Eq. 33, we get 

-1 C^ + 2C3f(T) + 3C4f^(T) + ... 
^ P ^ ^ ^ ' A , p i . „ „ , ^ ( T ) Agpi.fit(O) 

. {f(T)-e-V^[lo(T/2) + I,(T/2)]}, (40) 

which is plotted as the experinnental H-function in Section V.G. 

2. Bare Foils 

The observed activity of the bare foils must be corrected for 
gamma self-absorption. The correc ted bare-foil activity is defined by 

Abare(t) = K^re^^) ' -l^"-)' . (*^ ^ 

where t is the thickness of the foil, 7(t) is the gamma self-absorption 
function (see Section V.A), and A^^^^e ^̂  ^^^ observed bare-foil activity. 
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The bare-foil activity is composed of subcadmium and epi
cadmium components, and may be written 

Abare(t) = Ajj,(t) + A^p._j.^{t), (42) 

where Aepi-fit(t) is calculated using the coefficients Cj (Eq. 32) at the foil 
thicknesses t. Thus we can write 

Ath(-^) = Abare(^) ' Aepi-fit(-r)- (43) 

The "experimental" subcadmium activation, AJJJ(T), was fitted 
by the method of least squares to the equation 

Ath(T) = D, + D2G(T) + D 3 G ^ T ) + D 4 G ' ( T ) + . . . . (44) 

where G ( T ) is the function given in Eq. 8. The computer program used 
Eqs. 43 and 8 in Eq. 44 to find the D^. Since 

lim G ( T ) = 0, 
T—00 

and physical reali ty requires AJJ^{T) to approach zero for large T, the first 
coefficient was constrained to be very small, as in the epicadmium case. 
The weighting factors used for the data points were again calculated accord
ing to Eq. 31. The Dj calculated by the leas t - squares subroutine define the 
fitted subcadmium activity, 

Ath-fit(T) = D, + D2G(T) + D3G'=(T) + D^G^T) + .. . . (45) 

Note that 

Ath-fit(O) --To.. 

lim G ( T ) = 1. 
T-»0 

Thus the sunn of the coefficients of the leas t - squares fit gives the extrapo
lated value of the activity at zero thickness. The experimental values, 
Ath(T), and the fitted values, Ath-fit(''")' °f t^^ subcadmium activity were 
normalized by dividing by Ath.fit(O)- These normalized values will be p r e 
sented, along with the theoretical function G(T) , in Chapter V. 

The H-function for the subcadmium activity is defined (see 
Eq. 6) as 

^ihi-r) = Al , '^ (^1 - ^ [Ath -no rm(^ ) ] . (46) 
•^th-norm^^^ dT 
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w h e r e A , h - n o r m ( - ) ^ '^^ n o r m a l i z e d fi t ted s u b c a d m i u m ac t iv i t y , 

. , Ath-f i t (^) 
A t h - n o r m ( ^ ) ' Ath-f i t (O) ' 

The d e r i v a t i v e of A^Y^_^Q.^^^^^) is 

r[Ath-norm('^)J 
- ^ ^ • ^ [ A t h - f i t ( ^ ) ] -

(jT-.---tn-nuiiii- -- A t h - f i t C ) "̂̂  

Dif ferent ia t ing Eq . 45 and subs t i t u t i ng into Eq . 47 give 

_±r.^ (^)] = 1 ^ . i ^ [ D z + 2 D 3 G ( T ) + 3D4G^(T)+. . . ] . 
d^ iAth-norml^- ' J Ath-fit(O) dT 

Recal l ing (Eq. 8) that 

0(T) = l ^ l l i l l . 

(47) 

(48) 

(49) 

and noting that 

^ [ E n ( x ) ] = - E „ . , ( x ) , (50) 

we obtain 

d 
dT 

G ( T ) 
E 2 ( T ) I - E 3 ( T ) 

By subs t i tu t ing Eq . 49 into E q . 51 , we get 

- 1 G ( T ) = 1 [ E 2 ( T ) - G ( T ) ] . 
d T J-

By subs t i tu t ing E q s . 48 and 52 into E q . 46, we get 

' D 2 + 2 D 3 G ( T ) + 3 D 4 G ^ ( T ) ' 
Hth(T) = 

Ath -norm( ' ' ' ) Hh- f i t (0) 

(51) 

(52) 

[E2(^ ) -G(T) ] , (53) 

which is p lo t t ed as the e x p e r i m e n t a l H- func t ion in Sect ion V.G. 

D. Graph P l o t t i n g 

Mos t of the g r a p h s in th i s r e p o r t w e r e p lo t ted by a C a l C o m p - 5 6 5 
plot t ing m a c h i n e in con junc t ion wi th the ANL R e a c t o r P h y s i c s L a b o r a t o r y ' s 
D D P - 2 4 c o m p u t e r , u s i n g a F O R T R A N p r o g r a m w r i t t e n for the p u r p o s e . 
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V. EXPERIMENTAL RESULTS 

A. Correct ion Factor for Gannma Scattering and Self-absorption 

To determine the correct ion factor for self-absorption and sca t ter 
ing of gamma rays during counting, a stack of thin foils was used to 
approximate a thick foil. To eliminate edge effects due to uneven stacking, 
the entire stack was punched at once. After the stacks were punched in this 
manner with the gold dry, the stack could not be separated without damaging 
the individual layers . Therefore the foils were dipped in silicone oil before 
being stacked for punching. The stacks used in this experiment were 0.5, 1, 
3, and 7 mils thick. 

The 0.5-mil foil was punched from a stack of five layers of 0.1-nnil 
gold, the 1-mil foil from a stack of ten layers of 0.1-mil gold, the 3-mil foil 
from a stack of ten layers of 0.3-mil gold, and the 7-mil foil fronn a stack 
of seven layers of 1-mil gold. These stacks were counted intact, and then 
taken apart for the individual layers to be counted separately. The separa
tion was accomplished by placing the stack on a flat clean e rase r and apply
ing p ressu re to the top of the stack with a pencil e r a se r to slide the layers 
apart . 

y 10160 -

For each thickness, the self-absorption correction factor was cal
culated from the ratio of the sum of the counts of the individual layers to 
the counts of the stack. The counts of the individual layers of the 0.5- , 1-, 
and 3-mil stacks were summed without applying a correction, assuming that 

there is a negligible self-absorption 
in foils of thickness 0.1 and 0.3 nnil. 
However, the counts of the individual 
layers (each layer was 1 mil thick) 
of the 7-mil stack were corrected 
for gamma self-absorption. The 
counts of the individual layers were 
multiplied by the correction factor 
obtained from the 1-mil stack, before 
being summed. 

Figure 4 shows the c o r r e c 
tion as a function of thickness for a 
high and a low bias setting. 

The behavior of the self-
absorption correction function for 
the low bias setting was at first 
somewhat surpris ing. However, the 
initial negative slope, with a nnini-
mum near a thickness of 2 mi l s , can 
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be ascribed to the detection of gamma rays with degraded energy due to 
Compton scattering in the foil, and of X rays due to photo-events in the 
foil. These effects would lead to increased detection of low-energy pulses , 
since such interactions would occur with highest probability for those 
gammas with long paths in the foil, which therefore were not originally 
directed toward one of the detectors. Supplementing that geometr ical con
sideration IS the increased efficiency of the Nal crystal for low-energy 
radiations. As the foil thickness increases still further, the increase m 
self-absorption overcomes the increased Compton scattering and X-ray 
production in the foil. These conclusions are further supported by the 
observations reported in Section B below. Since the correct ion factor for 
gamma self-absorption depends to some extent on the counting geometry, 
for highest accuracy the correction must be determined separately for each 
system--particularly if a low counting bias is used. 

The curves and equations shown in Fig. 4 are approximate fits to 
the data. In the STANSECO processing, the first equation shown for the low-
bias case was used over the entire range of thicknesses. That approximation 
would lead to an e r ror of approximately 1% in the last datum point; the others 
would be unaffected. 

To get the data for Fig. 4, the foil stacks were i r radiated in ATSR 
in the rabbit facility, which happened to be cadmium lined. The resulting 
correction curves were assumed to be applicable to both bare and cadmium-
covered foils; therefore the data for the th ickness-correct ion experiment 
were processed on that basis . It has turned out, however, that that assump
tion was not valid. This will be discussed more fully in Appendix F . 

B. Ratio of Low- to High-bias Counts as a Function of Thickness 

The ratio of the low- to high-bias activities as a function of foil 
thickness was initially expected to be constant. The computer program 
COMBO was used to calculate the rat ios for the different foil thicknesses, 
and the ratios were effectively constant (minor scat ter) in the region of thin 
foils (less than 0.2 mil). However, as t increased above 0.2 mil , the ratios 
steadily increased. 

Multichannel pulse-height spectra were obtained for a 6-mil foil 
and a 0.2-mil foil. The X-ray peak near 70 keV (due to both mercury and 
gold X rays) was observed to be about 50% more intense for the thicker 
foil, relative to the photopeak intensity. The low-energy portion of the 
Compton spectrum was also more intense (by about 20%). These differences 
were compatible with the observed integral count-rate ratio differences. 

The gold X rays contribute much more to the X-ray peak than do the 
mercury X rays . In fact, the gold X rays increase as t inc reases , while 
the mercury X rays decrease as t increases , as can be seen by a detailed 
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look at the decay schemes . Consider the decay of the first excited state of 
Hg. Three percent of these decays a re by internal conversion, with the 

emission of an oribital electron and an ensuing mercury X ray. In the other 
97% of the decays, a 412-keV gamma ray leaves the mercury atom. This 
gamma ray has some probability X of interacting with an electron in one of 
the surrounding gold a toms, leading to the emission of a gold X ray. Thus 
a fraction (1 - X) of the emitted gamma rays escape from the foil. Some of 
them interact with one of the detector crysta ls and are counted; others a re 
absorbed in surrounding mater ia l , such as the lead shield, causing more 
X rays . 

Of the internal-conversion X rays , some fraction Y will be absorbed 
in the surrounding gold, and more gold X rays will result . Some of the re 
maining mercury X rays will reach the detector c rys ta l s . 

Therefore as the foil thickness increases , the number of gold X rays 
increases (X increases because there are more gold atoms present for the 
gamma ray to interact with) and the number of unscattered gannnna rays 
counted decreases [(1 -X) goes down]. Thus the high-bias (specific) activity, 
where the X rays and Compton-scat tered X rays a re not counted, dec reases , 
as the foil thickness inc reases , more rapidly than the low-bias activity. The 
effect is mainly due to gold X rays (and Compton scattering) rather than 
mercury X rays , because as the foil thickness increases , the probability of 
the mercury X rays escaping from the foil and being counted decreases 
(1 - Y decreases ) . Thus as the foil thickness increases , a greater percentage 
of mercury X rays will be transformed into gold X rays by interaction with 
the surrounding gold atoms. 

C. Flux Isotropy 

The isotropy of the flux was determined by irradiating a group of 
1-nnil foils on the wheel assembly located in the graphite thermal colunnn of 
ATSR (described in Section III.B). Twelve 1-mil foils were taped to the 
aluminum wheel near its periphery, alternately in the plane of the wheel and 
perpendicular to the wheel. Three of the foils in the plane of the wheel and 
three of the ones perpendicular to the wheel were cadnnium covered, and the 
res t were aluminum covered. The foils were counted in the automatic sys 
tem described in Section III.C, and the data were processed by RP-202. 
The average specific activity of the bare foils in the plane of the wheel was 
1% higher than for the bare foils perpendicular to the wheel; the average 
specific activity of the cadmium-covered foils in the plane of the wheel was 
6% higher than for the cadmium-covered foils perpendicular to the wheel. 
This difference is reasonably consistent with the cadmium ratio for a 1-nnil 
foil (~5), since the much higher self-shielding for epicadmiunn neutrons 
causes the epicadmium activation to be a more sensitive indicator of flux 
anisotropy. Thus the effective epicadmium flux seen by the rotating foils 
was observably nonisotropic, presumably because the foot-square void in 
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which the irradiation was performed was open at the top. Anisotropy had 
no observable effect on the subcadmium activation of the 1-mil foils. The 
experiment was not repeated with thicker foils. 

As will be shown in Section D below, there was generally good 
agreement between the observed epicadmium self-shielding for this slightly 
nonisotropic flux and the theory for isotropic flux. 

D. Epicadmium Self-shielding 

Figures 5-9 are curves showing the epicadmium activation as a func
tion of foil thickness. The first six data points are for the evaporated foils. 
As mentioned in Section III.C above, the foils were counted in two independent 
(but similar) counting systems, in each case at two bias sett ings. Figures 5 
and 6 show the North Counting Room low-bias data, fitted to Eq. 30 using 
three and four coefficients, respectively. Including the fourth (cubic) t e rm 
leads to a somewhat better fit to the data, and also to better agreement with 
the calculations of Baumann. Those calculations included factors for the 
nine strongest resonances, the epicadmium l /v component, and the effect 
of Doppler broadening. Considering the slight flux anisotropy refer red to 
in Section C above, the agreement between theory and measurement is r e 
garded as satisfactory. 

Also plotted in Figs. 5 and 6 is the single-resonance function of 
Trubey, Blosser, and Estabrook.^ This curve has the shape that would be 
provided by a two-coefficient fitting of the data to Eq. 30. Clearly, high 
accuracy requires more than a single-resonance t reatment . 

Curves for three- and four-coefficient fits a re plotted in Fig. 7, where 
the difference between them can more clearly be seen. 

As can be seen from Fig. 8, the agreement between the high-bias 
(photopeak and above) and low-bias (X rays and above) resul ts is very close 
which confirms that the gamma-ray self-absorption correction curves of 
Fig. 4 are reasonably correct , for epicadmium activation. 

In three of the four cases , the resul ts from the two counting rooms 
were indistinguishable, indicating that the counting stat ist ics obtained were 
more than adequate, and that any effects of the minor differences in count
ing geometry were undetectable. Figure 9 shows the kind of agreement ob
tained. The one exception was in the case of the low-bias, subcadmium 
activity, where there was a ra ther marked difference in the curves for the 
two counting systems. In this case, the biases may not have been the same 
in the two systems, and this would have led to differences in the effects of 
gamma-ray scattering and self-absorption (as discussed in Section E below). 
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E. Thermal Self-shielding 

The subcadmium activation data for the North Counting Room a re 
presented in Figs. 10 and 11, where again the first six points a re for 
evaporated foils. The ordinates for the plotted points were calculated 
according to Eqs. 41 and 43, using for the gamma self-absorption c o r r e c 
tion 7(t) the functions as determined from cadraium-covered foils (see 
Section V.A), The divergence between the high-bias and low-bias resul ts 
is evident in Fig. 12. 

As mentioned in Section A above, we first assumed that 7(t) would 
be the same for both bare and cadmium-covered foils. However, in Appen
dix F we show that that is not the case, with indications that at least the 
difference between the high- and low-bias results can be explained on that 
basis. The question of whether the discrepancy between the high-bias curve 
and the theoretical one (Eq. 8) is also due to this cause has not been settled 
experimentally. However, for purposes of making correct ions for weight 
differences of the order of 10%, this discrepancy is small (note the sup
pressed zero in Figs. 10-13), as will be shown more fully in Section G below. 

The low-bias subcadmium results for the two counting rooms are 
plotted together in Fig. 13. As mentioned in Section D above, this is the 
only case in which there was an appreciable difference in the resul ts for the 
two counting systems. 

In counting activated gold foils, one should set the bias so as to reject 
pulses below and including the Compton counts from the 411-keV gamma ray. 
Alternatively, highest precision requires a separate determination of 7(1) 
for each bias setting and each counting system, and also independently for 
subcadmium and epicadmium activation. 

The bare-foil, low-bias data were corrected using the (insufficient) 
low-bias function from Fig. 4. Without this correct ion, the initial slope of 
the subcadmium activation curves would have been positive. Zobel,'^ in the 
course of somewhat similar measurements , observed such an anomaly. 

F. Cadmium Ratios 

Jacks ^ has reported cadmium ratios for a range of gold-foil thick
nesses. The foils were irradiated in voids in graphite assembl ies ; hence, 
Jacks' results are convenient for comparison with the results of the present 
work. To use Jacks ' cadmium rat ios , we had to adjust them for the dif
ference in cadmium thickness (30 mils instead of 20), and then apply a 
normalizing factor. 
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The adjusted cadmium ratio CdRj is given by 

Fcd(^o) 1 
CdR.(t) = _^ ,^-- CdRj(t) — , (54) 

where F e d and Fj. a re cadmium correct ion factors, as defined in Ref. 9. 
The normalizing factor Nj was determined fronn 

1 " CdRcd;) - 1 

^ j = 7 l c d R V ) - r (" ' 
j = i J j ' 

where n is the number of different thicknesses t; used by Jacks , and the 
CdRg(t:) a re calculated from the fitted curves for the present set of 
measurements . 

The resul ts of the comparison are shown in Figs. 14 and 15, where 
the data points attributed to Jacks a re the normalized values 

N j [CdRj ( t j ) - 1], 

Both the three- and four-coefficient curves a re plotted, although the four-
coefficient resul ts were better fits to the data. There is good agreement 
between the two experiments for gold thicknesses less than approximately 
4 mi ls . The disagreement for the thickest foil is not understood. 

G. Weight-correction Curves % 

The formulas for making weight correct ions to gold-foil activations 
were derived in Chapter II: for cadmium-covered foils, Eqs. 1 and 20. and 
and for bare foils, Eqs. 5 and 21. To apply these formulas, one must know 
the appropriate values of Hgpj and H^jj- The STANSECO program calcu
lated those functions from the curves fitted to the experimental points, using 
Eqs. 40 and 53, and also from the theoretical functions. The resul ts a re 
presented in Figs . 16 and 17. For comparison, Fig. 16 includes the calcu
lations based on the three-coefficient fits. However, it will be remembered 
that the data were better fitted by using four coefficients. 

Figure 17, which is for the subcadmium component, used only the 
high-bias resu l t s . As discussed in Section A above, good correction factors 
were not available for correcting the low-bias, bare-foil data for gamma-ray 
scat ter ing and self-absorption. Figures 11 and 12 showed that the high-
bias data for the bare foils, as corrected with the available gamma self-
absorption correct ion function, deviated sonnewhat fronn the theoretical 
predict ions. Figure 17 shows the effect of this deviation upon the H^h 
function. It will shortly be shown that for normal weight-correct ion pur
poses , the difference is negligible. 
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In the e p i c a d m i u m c a s e (Fig . 16), t h e r e is good a g r e e m e n t b e t w e e n 
the H-funct ions ca lcu la ted for the p r e s e n t e x p e r i m e n t a l da ta and the one 
ca lcu la ted for B a u m a n n ' s t h e o r e t i c a l va lue s in the r eg i o n above 0.1 m i l . 
The devia t ion in Hepi that e x i s t s in this r eg ion does not a p p r e c i a b l y affect 
the w e i g h t - c o r r e c t i o n fac to r . F o r e x a m p l e , a t 1 m i l an e r r o r of 7% in 
Hgpi would r e s u l t in an e r r o r of only 0.3% in the w e i g h t - c o r r e c t i o n f a c t o r . 
The l a r g e r deviat ion be tween the e x p e r i m e n t a l and t h e o r e t i c a l H- func t ion 
in the region below 0.1 m i l is not c r i t i c a l b e c a u s e the c o r r e c t i o n f a c t o r 6 
(see E q s . 1, 5, 20, and 21) for n o r m a l weight d i f f e r ences is s m a l l in tha t 
region . This is d e m o n s t r a t e d by the following c a l c u l a t i o n s : 

1. At 0.1 m i l , t h e r e is a s p r e a d of a p p r o x i m a t e l y 7.3% in the 
values of Hepi , but this c o r r e s p o n d s to a r a n g e of only 0 .1% in the w e i g h t -
c o r r e c t i o n fac tor , i5^=<,. 

2. At 0.1 m i l , an i n c r e a s e of 40% in Hgpj aga in r e s u l t s in a change 
of only 0.1% in igp i . 

3. S i m i l a r l y , for the t h e r m a l c a s e , 
d e c r e a s i n g Hth by 35% l e a d s to c h a n g e s in 
&th °i only 0 . 1 , 0 .02, and 0.002% a t t h i c k 
n e s s e s of 1, 0 . 1 , and 0.01 m i l , r e s p e c t i v e l y . 

Thus one can choose any v a l u e of H 
within the bands of v a l u e s p r e s e n t e d in 
F i g s . 16 and 17 and s t i l l have good a c c u r a c y 
in the ca l cu l a t i on of the w e i g h t - c o r r e c t i o n 
f ac to r . 

F o r i r r a d i a t i o n s o t h e r than in a void, 
the fac to r g in E q . 7 wi l l in g e n e r a l be non
z e r o . F i g u r e 18 ( f rom Ref. 1) shows the 
ca l cu l a t ed v a l u e s of Hth for s e v e r a l v a l u e s 
of g, and a l s o for t h i c k e r foi ls than a r e in 
cluded in F i g . 17. In c o m p a r i n g F i g s . 16 and 
18, note that Hth a p p r o a c h e s uni ty for v e r y 
thick fo i l s , whi le Hep i l e v e l s off a t abou t 

112-1724 Rev. 1 

Fig. 18. Calculated Thickness-correction 
Function for Thermal Activation 
of Gold Foils (from Ref. 1) 
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is tha t , unl ike the t h e r m a l - a b s o r p t i o n c r o s s 

over a v .v , , 1= Sect ion, the e p i t h e r m a l c r o s s s e c t i o n v a r i e s 

relonlr ' ' ' ^ " ^ ' ' ' ° '''"' '°''' " ^ " ' ^'^ ^̂ ^̂ ^̂ V self-shielded for 
of o^rrnrgYe's' " ' " ' ° " ^ '^'^ ''''' ' ^ ^^^^"^^^^ transparent to neutrons 



VI. ACCURACY 

A. A p p r o x i m a t i o n s 

S t a r t i n g wi th E q s . 20 and 2 1 , we c a n m a k e a s e r i e s of a p p r o x i m a 
t i o n s , e a c h one r e s u l t i n g in s i m p l e r e x p r e s s i o n s , a long with s o m e l o s s of 
a c c u r a c y . A p p r o x i m a t i o n s a p p r o p r i a t e for 25- / i ( 1 - m i l ) gold foi ls a r e con 
s i d e r e d in th i s s e c t i o n , wi th s o m e i l l u s t r a t i v e c a l c u l a t i o n s . 
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1. A c c u r a t e F o r m u l a s 

In p r i n c i p l e , the only a p p r o x i m a t i o n involved in E q s . 20 and 31 
is the one e x p r e s s e d by E q s . 15 and l 6 - - n a m e l y , that the spec i f ic a c t i v a t i o n 
A is a l i n e a r funct ion of the foil t h i c k n e s s in the i n t e r v a l be tween TQ and Tj. 
This i s a good a s s u m p t i o n for t h i c k n e s s v a r i a t i o n s ^ ± 1 0 % . H o w e v e r , a s w a s 
r e m a r k e d in Sec t i on I I . D , e v a l u a t i n g the H- func t ion s e p a r a t e l y for e a c h in
d iv idua l foil i s not c o n v e n i e n t , and E q s . 22 and 23 u s e the v a l u e s of Hgpi and 
Hth for the n o m i n a l t h i c k n e s s tg. F o r t u n a t e l y , th i s i s an e x c e l l e n t a p p r o x i 
m a t i o n for a l l gold foi ls tha t a r e not u n r e a s o n a b l y th ick: Hth ' s s m a l l 
(<0.1) for foi ls t h i n n e r than abou t 5 m i l s (F ig . 17), so that t h i c k n e s s c o r r e c 
t ions a r e i n s e n s i t i v e to e r r o r s in it ( s ee Sec t ion V.G); Hgpi is a l w a y s l e s s 
than 0.5 o r so and c h a n g e s m o s t s lowly w h e r e it has the l a r g e s t v a l u e s . 

T h u s , the m o s t a c c u r a t e t h i c k n e s s - c o r r e c t i o n f o r m u l a s tha t a r e 
conven ien t to u s e a r e E q s . 22 and 23 , in con junc t ion wi th E q s . 1 and 5. F o r 
c o n v e n i e n c e , 6 th ^'^^ i^epi can be e l i m i n a t e d f r o m t h e s e equa t i ons to g ive 
the following a c c u r a t e f o r m u l a s for t h i c k n e s s - c o r r e c t i n g c a d m i u m - c o v e r e d 
and b a r e gold fo i l s : % 

C a d m i u m - c o v e r e d 

Aepi(to) = Agpj(t) 
^ + DHepi(to) 

2 - DHepi(to 
(56) 

^ba re ;to) 

B a r e 

A b a r e C ) 2 - tDH. . (to) 

CdR( t ) l 2 - D H t h t t o ) 
[CdR( t ) - 1] -I-

2 ^ D H e p . ( t o ) \ 

2 - D H g p i ( t „ ) J • 
(57) 

For definitions of the te rms used, see the nomenclature at the 
front of this report . In par t icular , note that Aepi(t) is assumed to have been 
correc ted for perturbations due to the cadmium cover, that i s , for absorption 
of epicadmium neutrons by the cover and t ransmiss ion of subcadmium 
neutrons. This topic has been partially treated in the l i t e ra tu re ' ' " ' and is 
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not covered in this report . Another assumption is that adequate correct ion 
has been made for self-absorption of the gamma (or beta) radiation during 
counting. (See Section IV.C . 1.) 

2. Effect of E r ro r in CdR(t) 

The cadmium ratio in Eq. 57 is for the thickness t of the bare 
foil, rather than for to. Since this is not always easy to evaluate accurately 
a priori , one should know how accurate an estimate needs to be. In Sec
tion II.A, the qualitative statement was made that CdR(t) need not be known 
with high accuracy. Quantitative support can be given to that s tatement. 

In most uses of the cadmium ratio, the quantity CdR - 1 (the 
ratio of subcadmium to epicadmium activation) is of in teres t . By differen
tiating Eq. 5 with respect to CdR(t) - 1, and making the approximations 
6th = 1 and 6epi ~ 1 + DHepi. one can show that for a given percentage 
er ror in CdR(t) - 1, the maximum fractional e r ro r in Abare(to) occurs for 
CdR(t) = 2. The magnitude of this fractional e r r o r is approximately 
AC • DHepi/4, where AC is the fractional e r r o r in CdR(t) - 1. Using, for 
example, D = 0.1 and Hgpi = 0.4, a 50% e r ro r in CdR(t) - 1 leads to an 
er ror of only 0.5% in Abare(to). and less if CdR(t) is appreciably different 
from 2. 

3. Further Approximations 

In a computer code, there is no reason not to use Eqs . 56 and 
57 as they stand, but for routine hand calculations simpler expressions 
would be convenient. For a start , one can often neglect the effect of ther
mal self-shielding (let 6th = ') i" making thickness correct ions to gold foils 
that are not nnuch thicker than 1 mil, even if not in correcting to zero thick
ness. Equation 57 then reduces to 

•^bare'to) = -^^bare^') 1 -I-
1 2DHepi(to) 

CdR(t) 2 - DHepi(to) 
(58) 

For cadmium-covered foils, one still uses Eq, 56, 

Next, if the product DHgpi is much smaller than 2, the brack
eted term in Eq. 56 can usefully be expanded in se r ies form. If we keep 
only the first two terms of the ser ies and still neglect thermal self-
shielding, Eqs. 56 and 57 for cadmium-covered and bare foils reduce to 

^epi(to) = Agp-(t)[ WDHepi(to)], (59) 
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and 

Abare('o) = ̂ hSLre'^^^ 
; , ^^epi(^°^ 

CdR(t) 
(60) 

4. Unmatched Foils and the Effect of Approxinnations 

The extent to which the results of the above approximations 
differ will be i l lustrated in an example. Consider two gold foils nominally 
1 mil thick, but actually 0.9 and 1.1 mil thick. (In pract ice , no foil in a set 
should differ from tg by more than 10%.) Suppose one of these foils is bare 
and one is cadmium-covered and they are i rradiated in a neutron flux with 
a spectrum such that the bare foil becomes twice as active (per unit weight) 
as the cadmium-covered one, after correcting for the perturbations due to 
the cadmium cover. Let the subscripts b and c refer to the ba re - and 
cadmium-covered foils. 

An estimate of CdR(tu) is required. In view of Section 2 above, 
using 2.00, the ratio of bare- to-cadmium-covered specific activation before 
thickness cor rec t ions , would be an adequate approximation. However, for 
this i l lustrative example, a more accurate estimate will be made. With the 
knowledge that the a rea l density of 1-mil gold is 49.1 mg/cnn , one can de
termine from Fig. 8 that the epicadmium specific activity of 0.9-mil gold 
is about 7.5% grea ter than for 1.1-mil gold. Thus, CdR(tb) « 2.000/ 
1.075 = 1.86. 

We now have the following input •a lues : 

t̂ ^ = 0.9 mil , Db = -0.1053 (Eq. 17), 

t^ = 1.1 mil , Dj, ^ •F0.0952, 

Abare( 'b) = ^ 0 0 ' " e p i = O^^ (fig- 16). 

Aepi(tc) " 'OO' "̂<^ 

CdR(t,j) = 1.86, Hth = 0-0^ (^'g- ^•"• 

When these numbers are used in Eqs. 56-60, the resul ts a re 
as given in Table I. One should not assume that the values in the first 
row of the table a re exactly what would have been observed for a pair of 
1.000-mil-thick matched foils, since the linear approximations (Eqs. 15 
and 16) a re implicit, and there is some experimental uncertainty in Hgpi 
and Hth- The tabulation verifies the insensitivity of gold-foil thickness 
correct ions to thermal self-shielding, at least for foils not thicker than 
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a b o u t 1 m i l , and f o r t h i c k n e s s e s that a r e n o t m o r e t h a n 10^! - j / ^ ^ ^ ^ 
. 1 . It a l s o i n d i c a t e s that the s i m p l i f i e d f o r m s ( E q s . 59 -^fj°\^'' 

l i k e l y to b e a c c u r a t e e n o u g h for a l l but the m o s 

TABLE I. Effects of A p p r o x i m a t i o n s 

t e x a c t i n g e x p e r i m e n t s . 

^ep: i(t„) 

E r r o r , 
Equat ions Value % 

•Abare('o) 

E r r o r , 
Value % 

Ath('o) 

CdR(to) 

E r r o r , 
Value % 

E r r o r in 
CdR(to) - 1, 

Value % 

56 and 57 1,0408 
56 and 58 1,0408 
59 and 60 1.0400 0,08 

a 1,0000 3,9 

1,9565 
1,9536 0,15 
1,9524 0,21 
2.0000 2.2 

0.9157 
0,9128 0,32 
0.9124 0.36 
1.0000 9.2 

1.8798 
1.8770 0,32 
1.8773 0-28 
2.0000 13,7 

^The l as t row shoves the r e s u l t s of neglect ing se l f - sh i e ld ing in mak ing t h i c k n e s s 

c o r r e c t i o n s to gold foils , 

B . N o n u n i f o r m F o i l s 

Unt i l now w e h a v e a s s u m e d that e a c h f o i l h a s a u n i f o r m t h i c k n e s s . 

We w i l l now s h o w that f o i l n o n u n i f o r m i t y , w i t h i n r e a s o n , i s n o t i m p o r t a n t 

a s a s o u r c e of e r r o r . 

1. T h i c k F o i l 

A s an e x t r e m e e x a m p l e , c o n s i d e r a n o m i n a l 1 - m i l g o l d f o i l w i t h 
two t h i c k n e s s r e g i o n s , s u c h that ha l f the a r e a i s 20% g r e a t e r t h a n n o m i n a l , 
and half i s 20% l e s s . T h e c r o s s s e c t i o n of s u c h a f o i l i s s h o w n h e r e . 

If the t h i c k n e s s of the f o i l i l l u s t r a t e d i s c o m p u t e d f r o m i t s w e i g h t a n d a r e a , 
i t w i l l be e x a c t l y to, w h i c h i s 1 m i l . W e w i s h to d i s c o v e r h o w c l o s e t h e 
o b s e r v e d a c t i v a t i o n w i l l b e to the a c t i v a t i o n t h a t w o u l d h a v e b e e n o b s e r v e d 
for a t r u l y u n i f o r m 1 - m i l g o l d f o i l . T h e c a l c u l a t i o n w i l l be m a d e f o r e p i 
c a d m i u m a c t i v a t i o n , s i n c e t h i s w i l l b e m o r e s e r i o u s t h a n f o r t h e r m a l 
a c t i v a t i o n . 

L e t the s u b s c r i p t s I a n d 2 d e n o t e the t h i c k e r a n d t h i n n e r r e g i o n s , 
r e s p e c t i v e l y ; then m j = 3 m / 5 a n d rrij = 2 m / 5 , w h e r e m i s the m a s s of the 
fo i l . The f r a c t i o n a l t h i c k n e s s d e v i a t i o n s f r o m n o m i n a l a r e ( f r o m E q . 17) 
Di = -1-0.182, and D j = - 0 . 2 2 2 . U s i n g E q . 5 6 , w e c a n c a l c u l a t e the a c t i v i t i e s 
(per g r a m ) for the t w o r e g i o n s of the f o i l : 

A e p i ( t i ) = 0 . 9 2 6 4 A g i(to) 
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a n d 

Aep idz ) = 1.0978Aepi(to). 

The o b s e r v e d spec i f i c a c t i v i t y A^hs °f ' he whole foil wi l l be g iven by 

Aobs = T A e p i ( t , ) + | A g p i ( t 2 ) . 

which w o r k s out to be 0.9950Ag_j(to). 

T h u s , the (ve ry l a r g e ) s t e p - f u n c t i o n ±20% v a r i a t i o n in t h i c k n e s s 
r e s u l t s in an e r r o r of only about 0.5% in the o b s e r v e d e p i c a d m i u m a c t i v a t i o n , 
leading to the p e r h a p s s u r p r i s i n g c o n c l u s i o n that foil un i fo rmi ty is not v e r y 
i m p o r t a n t , 

2. Thin F o i l with Voids 

A s i m i l a r s i t u a t i o n a r i s e s in the c a s e of a thin foil with d e f e c t s . 
C o n s i d e r a n o m i n a l 0 . 1 - m i l , c a d m i u m - c o v e r e d foi l , with 5% of i ts a r e a 
void. (Th i s s i t u a t i o n is e q u i v a l e n t to a 5% o v e r e s t i m a t e of the a r e a of the 
foil . The m a s s of the foil is a s s u m e d to be a c c u r a t e l y known.) We now have 

to = 0.1 m i l , 

t = 0 .10526 m i l , 

D = 0 .05128 (Eq. 17) » 

and 

" e p i = O-l'^ ( ^ ' g - ' 6 ' -

Using t h e s e v a l u e s of D and Hg_j in E q . 56, we c a l c u l a t e 

Agpi( t ) = 0 .9913Agpi( t„) . 

Tha t i s , for 0 . 1 - m i l gold fo i l s , a 5% void l e a d s to an e r r o r of s o m e w h a t 
l e s s than 1% in the r e s o n a n c e a c t i v a t i o n , due to the r e s u l t i n g u n d e r e s t i m a 
t ion of the foil t h i c k n e s s . 

The a c c u r a t e f o r m u l a (Eq. 56) h a s been u s e d in the above c a l c u 
l a t i o n s . H o w e v e r , it can be s e e n f r o m E q . 59 tha t the f r a c t i o n a l e r r o r in the 
c o r r e c t e d spec i f i c a c t i v a t i o n is equa l to DH, if DH is s m a l l , w h e r e D is to be 
c a l c u l a t e d wi th t and to a s the t r u e and a s s u m e d foil t h i c k n e s s e s , 
r e s p e c t i v e l y . 
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VII. SUMMARY AND CONCLUSIONS 

To m a k e a c c u r a t e weight c o r r e c t i o n s to a s e t of n e u t r o n - a c t i v a t e d 
gold fo i l s , the components of the ac t iva t ion that a r e due to t h e r m a l and 
e p i t h e r m a l n e u t r o n s m u s t be t r e a t e d s e p a r a t e l y . F o r a c a d m i u m - c o v e r e d 
foil (and for the e p i c a d m i u m component of b a r e - f o i l a c t i v a t i o n ) , 

ep i(to) 
^ + PHepi(^°) 

epi(t) 2 -DHepi ( to ) 
(56) 

where t and tg a r e the ac tua l and nomina l foil t h i c k n e s s e s , r e s p e c t i v e l y , 
and Aepi(t) has been c o r r e c t e d for c a d m i u m - c o v e r effects and for g a m m a -
ray s ca t t e r i ng and s e l f - a b s o r p t i o n . F o r a b a r e foi l , 

Aba 
^ b a r e ( ' ) f̂  + DH , (tg) 2 + DH^ • (t„) 

(to) = - ^ l ^ \ . _ ' u . ["R(t) - 1] + ^ ^ CdR(t) | 2 -DHth ( to ) 2 - DHg i(to) 
(57) 

The value of H ^( tg) can be d e t e r m i n e d f r o m F i g . 16, and Hth fi^om 
F ig . 17 or 18. The f rac t iona l t h i cknes s dev ia t ion f r o m n o m i n a l , D, i s c a l 
culated accord ing to Eq . 17, 

t -I- t„ 

The following a p p r o x i m a t e f o r m s of E q s . 56 and 57, wh ich n e g l e c t 
t h e r m a l se l f - sh ie ld ing and flux d e p r e s s i o n , a r e a c c u r a t e enough for m o s t 
pu rposes : 

^epi(to) = Aep i ( t ) [ l - ^DHep i ( to ) ] , (59) 

and 

ba re (t„) A b a r e :t) 
CdR(t) (60) 

T h e o r e t i c a l and e x p e r i m e n t a l H- func t ions w e r e in r e a s o n a b l e 
a g r e e m e n t . The l a t t e r w e r e d e t e r m i n e d by m e a s u r i n g spec i f i c a c t i v a t i o n 
as a function of foil t h i c k n e s s . The da ta , a f t e r c o r r e c t i o n for c a d m i u m -
cover effects and g a m m a - r a y s c a t t e r i n g and s e l f - a b s o r p t i o n , w e r e f i t ted 
by l eas t s q u a r e s to the d i f fe ren t i ab le funct ion 

A(t) = C,i{t] + C,i'{t) + C4f^(t), 



where f(t) is a differentiable function that fits the data at least approxi
mately. This approach offers an advantage over fitting to an a rb i t ra ry 
function such as a polynomial or sum of exponentials, in that extrapolation 
beyond the range of the measurement s , part icularly to zero thickness, can 
be done with more confidence. For epicadmium activation, the single-
resonance approximation was used for f(t), and a good fit to the data was 
obtained when the three te rms shown were used. The subcadmium results 
were well fitted by the same number of t e r m s , where f(t) was the standard 
thermal self-shielding function (Eq, 8), 

To determine zero-thickness specific activation from measurements 
with a gold foil of finite thickness, one can use Figs, 8 and 12. In using 
Fig. 12 to reduce the thermal component of the activation to zero thickness, 
one must remember that neither the theoretical function nor the experimental 
data include any effects of outer flux depression, the experimental measure 
ments having been made in a void in graphite. Consequently, if a gold foil 
is closely surrounded by some mater ia l during irradiation, the observed 
thermal par t of the activation must be multiplied by 1 -t [ 5 - E3(T) ] g before 
applying the correct ion determined from Fig. 12. (See Section II.B.) 

Alternatively, part icularly when the cadmium ratio CdR(to) has been 
determined, reduction to zero thickness can be done with the help of the 
curves published by Jacks''* and Baumann;" the present work has yielded r e 
sults that a re in reasonable agreement with the i rs . Again, however, thermal 
outer flux depression was not present , so that one must multiply CdR(to) - 1 
by 1 -I- [ i - E j ( T ) ] g before using the curves. 

Regarding foil uniformity, a calculation (described in Section VLB) 
indicates that the measured epicadmium activation of a gold foil will be 
quite insensitive to nonuniformity in the thickness of the foil 

Accurate interpretation of gold-foil counting results requires ca re 
ful attention to the effect of gamma-ray scattering and self-absorption, 
which is a function of foil thickness. As a side result of this investigation, 
we discovered that the nature of this function depends on the counting bias 
(Section V.A), and that, if the bias is low, the function is different for 
subcadmium and epicadmium activation (Appendix F). Complications due 
to both effects can be avoided by setting the counting threshold so as to r e 
ject all pulses below the 411-keV photopeak. 
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APPENDIX A 

E r r o r Analysis 

1. Foil-weight E r ro r 

The weight of the evaporated foils was determined by evaporating 6 cm^ 
ofgoldonthe aluminum sheet (Fig. l), and then dividing by six to de te rmme 
the amount of gold per square cm on the Mylar. The amount of gold weighed 
was significant enough for an accuracy of ±3% for the thinnest foil. Smce 
the aluminum sheet was weighed with an accuracy of ±10 ^g before and after 
the evaporation, the weight difference was known with an accuracy of ±14 ^g. 
The error for the evaporated foils ranged from 1 to 3%. The e r r o r in the 
weight of the punched foils was determined by the accuracy of the two bal- ^ 
ances used. The balance accuracy was ±10 ^g for foils weighing 1 - 1 0 mg/cm , 
and ±50 fig for foils weighing 10-300 mg/cm^. The e r ro r range for the 
punched foils was 0.1 to 0.8%. This accuracy was confirmed by weighing each 
foil on three different occasions. 

2. Foil-area Er ro r 

a. Evaporated Foils 

The area plated depends on the evaporation mask. The holes in 
the mask for the 1-cm^ Mylar foils were made larger than 1 cm to prevent 
shadowing effects; the holes in the portion of the mask covered by the alumi
num sheet were 1.00 cm . (See Fig. 1.) Because of the finite thickness of 
the mask (30 mils) and the Mylar (5 mils), two effects should be considered: 
reduction of the exposed area of the aluminum sheet due to shadowing, and 
gold plating on the edge of the Mylar foils. The uncertainty due to the shad
owing on the aluminum sheet was estimated to be approximately 1%, based 
on the geometry of the evaporation apparatus. The slots in the evaporation 
mask for the Mylar foils were arranged so that gold plating could occur on 
only one edge of the Mylar foil. Since the Mylar was 5 mils thick, the a rea 
of one edge would be 0.0125 cm^. Thus, the maximum e r ro r due to gold 
plating on the edge of the Mylar foil would be 1 .25%. Combining the e r r o r s 
of 1 and 1.25%, the total e r ror in the area of the evaporated foils is 
approximately 1.5%, 

b. Punched Foils 

The punched foils, produced by a precision punch-and-die set, 
were examined under a microscope at a magnification of SOX. The e r r o r 
due to jagged edges was judged to be negligible. 
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3. D e a d t i m e E r r o r * 

The r e s u l t s of a d e a d t i m e d e t e r m i n a t i o n by the d o u b l e - s o u r c e me thod 
a r e not b e l i e v a b l e to m u c h b e t t e r than ±1 fisec. S ince the count ing r a t e s 
w e r e r e s t r i c t e d to 2000 to 4000 c o u n t s / s e c , the d e a d t i m e e r r o r r a n g e was 
0.2 to 0.4%. An e r r o r of 0 .3% was a s s u m e d for all the fo i l s . 

4 . Count ing E r r o r s 

The coun t ing s t a t i s t i c s w e r e a p p r o x i m a t e l y the s a m e for al l fo i l s ; 
the s t a t i s t i c a l e r r o r was a p p r o x i m a t e l y 0.2%. (See Sec t ion III.C for a ful ler 
d i s c u s s i o n . ) 

5. Tota l E r r o r 

The to ta l p e r c e n t a g e e r r o r R for the c a d m i u m - c o v e r e d and b a r e -
foil ac t iv i ty was c a l c u l a t e d by 

1̂  = \ l^weigh t + l^foil a r e a •*• ^ d e a d t i m e ^ l^count ing/ ( A . l ) 

The e r r o r r a n g e d f r o m 0.4 to 3.4%. 

The s u b c a d m i u m da ta po in t s w e r e c a l c u l a t e d f rom the e p i c a d m i u m 
c u r v e and the b a r e - f o i l da ta po in t s a c c o r d i n g to Eq . 4 3 . The a b s o l u t e e rror 
in a s u b c a d m i u m da t a point is g iven by 

Esub -{K.re^^epif'. ( A - ^ ) 
* 

w h e r e the a b s o l u t e e r r o r E is the p r o d u c t of the r e l a t i v e e r r o r R and the 
ac t i v i t y . T h u s , Eq . A.2 can be w r i t t e n 

' s u b [ ( R b a r e A b a r e ) ' + (Rep iAep i ) ' ] ' ^ ' - (A-3) 

By u s e of the c a d m i u m r a t i o and Eq. 43 , the s u b c a d m i u m ac t iv i ty can be 

w r i t t e n a s 

A s u b = A , p , ( C d R - l ) . (A.4) 

Divid ing E q . A.3 by Eq . A.4 and us ing the c a d m i u m r a t i o , we get 

E s u b [ ( ^ b a r e ^ d R ) ^ ± R i p i ] ' ^ ' 

^ " ^ " A3^b ' CdR - 1 
(A.5) 

*See Section III.C for additional discussion of the deadtime. 
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Note that the epicadmium-activity points used in calculating the subcadmium 
activity are not data points, but rather points that have been read from a 
fitted curve. The process of fitting the data points to a curve decreases the 
relative er ror Rgpi, calculated by Eq. A.l , by an estimated factor of th ree . 
Thus, Rgpi in Eq. A.5 can be effectively ignored, and Eq. A.5 becomes 

__ RbareCdR (^_^^ 
sub CdR - 1 

The total e r ror for the subcadmium activity, as calculated by Eq. A.6, 
ranged from 6 to 0.5%. 

In both the subcadmium and epicadmium cases, the weighing uncer
tainties were the chief source of e r ror for the light foils, but for the heavier 
foils, the deadtime-correction uncertainties predominated. 
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APPENDIX B 

Foil Weights 

Table II l ists the gold foils and their weights. Chapter III contains 
a description of how the foils were prepared, irradiated, and counted, 

TABLE II, Foil Weights 

F o i l 
N o , 

1 

2 

3 

4 

5 

6 
7 

8 

9 
10 

11 

12 

13 

1 4 

1 5 

16 

17 

18 

19 
2 0 

2 1 

2 1 ' 

2 2 

2 2 ' 

2 3 

2 3 ' 

2 4 

2 4 ' 

2 5 

2 5 ' 

Weight , 
m g 

0,0830 
0,0830 
0.1858 
0.1858 
0.2197 
0.2197 
0.4715 
0.4715 
0.5797 
0.5797 
0.7090 
0.7090 
1.167 
1.216 
1.484 
1.489 
1.708 
1.712 
2.032 
2 .069 
2 .355 
2.331 
2 .327 
2.332 
2 .523 
2.526 
2.548 
2 .574 
3.216 
3.197 

/ c m ' 

+ 

± 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

t 
+ 

+ 

+ 

± 
± 
± 
± 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.010 
0.010 
O.OIO 
0,010 
0.010 
0.010 
0.010 
0.010 
0.010 
0.010 
0.010 
0.010 
0.010 
0.010 
0.010 
0.010 
0.010 
0.010 

Foi l 
No. 

2 6 

2 6 ' 

2 7 

2 7 ' 

2 8 

2 8 ' 

2 9 

2 9 ' 
30 

3 0 ' 

31 

31 ' 
32 

3 2 ' 

33 

34 

35 • 
36 

37 

38 

39 
4 0 

41 

42 

4 3 

4 4 

4 5 

4 6 
4 7 

4 8 

W e i 

m g / 

3.245 
3.244 
4.833 
4.826 
4.851 
4.852 
6.281 
6.281 
6.363 
6.358 

10.451 
10.453 
10.463 
10,460 
13,41 
13.52 
23.32 
2 3.34 
38.04 
38.71 
48.27 
48.27 
74.05 
74.24 
95.95 
95.95 

214,28 
212,93 
308.71 
312.29 

ght, 
c m ' 

± 0.010 
± 0.010 
± 0,010 
± 0.010 
± 0.010 
± 0.010 
± 0.010 
± 0.010 
± 0,010 
± 0.010 
± 0.050 
± 0.050 
± 0.050 
± 0.050 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
* 0.05 

Odd-numbered foils were aluminum-covered, even-
numbered cadmium-covered. Foils 1-12 were deposited on 
Mylar by evaporation. 
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APPENDIX C 

FORTRAN Listings for Program STANSECO 

This appendix contains the FORTRAN listings of the STANSECO 
program including some of the subroutines called by the main p rogram. The 
subroutine EONE, which evaluates the f i rs t -order exponential integral Ei(x), 
is a standard ANL routine (ANL C305) written by Gerald J. Duffy. The r e s t 
of the routines listed were written during the present investigation. 

Three of the subroutines used in STANSECO are omitted from the 
following FORTRAN listings. The NEWPAGE routine mere ly prints the 
title, date, and page number at the top of a new output page. The leas t -
squares polynomial fitting is done by the subroutine LSQPOL (ANL E2 06, by 
Burton S. Garbow). Also used is the Bessel-function subroutine BESI, 
a library subroutine for the CDC-3600 computer. 



P K O G H * " itiNSECU 

61 

20 

ill 
40 
50 

60 
70 

120 
U O 
140 

160 

90JU 
9040 
VOSO 
90413 

DlMfcN 

xscini 
X I U O ) , 

XNUIHE 
x i . t e p 
X.XRTC 

X.tPlF 

X I O ) , T 

XitPiN 

TYPE 

COMhO 

CUMMO 

FORM* 

FURHt 

FUHMA 

FORMA 

FURMA 

X«13X,« 

FORMA 

FORMA 

FORMA 

FORMA 

FORMA 

XAEPIF 

X8X2HI 

FORMA 

XBX6HA 

XFIO.S 

FORMA 

X6XeHA 

X ( e l 2 , 

FORMA 

FORMA 

FORMA 
FORMA 

ilON 

> Ttot 

MH( 10 

IIOU ) 

I H K 

I I O O ) 
ACU>1 
A O t K l 
0 H M ( 1 
I N T t l i 

is/xn 
N/HAO 
T ( VA 
1 ( I M 
U i t l 

K I H U 
OUKL( 
T ( I M 
I ( I M 
T ( 1 H 0 
1 ( I M U 
I ( l O M 
1T6X5 
1 / ( f c 
I ( l O M 
bAHOO 
• t l U , 
T (JMo 
hUBNC 
J , F I J 
I ( U 
K t X , 
T ( 6 X , 
T (HX 

C ( 1 0 0 ) , » B ( 1 0 0 ) , A C A D ( 1 0 0 ) , A 8 A H E ( I : 0 ) . W C A I 1 ( I O C ) I I < > ' ( 1 0 0 ) . G 

K l O O l . l E P l d O O l . T A u T M d o O J . E P I F A C d O O l . C C E F K l C I . N E P K 
) , E R M A T ( l n , l O ) . C U E R l V ( 1 0 c ) . E D E R I V ( l O 0 ) , A S t 8 F l T ( t C 0 ) . 
A N O R M e ( i o ( i ) . A M O R M S ( i o n ) . s u e F A C ( i c o ) ' A S o B ( i o ' ) . A E P i B ( i o : 
0 0 ) , U E R I V ( 1 0 0 ) . D D E R I V ( l O O > . D E R I V T H ( 1 0 0 ) . H T M i l l ) C I 
S > ( 5 H T t P I ( l n O ) , » R T B ( 1 0 0 ) , S C R T A O T H ( 1 0 0 l i C D R C ( l c O ) 
0 ) . A B A R C O ( i n o i . R E S l O ( l O O ) i H E S l D R < 1 0 0 ) . C O E F 2 ( l i l ) , E " I ( 1 0 ' 
( 1 0 0 ) , A F ( i 0 1 6 l , C D R ( 1 0 0 l , E X ( l C . 1 0 ) . A S o B N 0 R l - ( 1 C q ) . 
U l , C A D R » T r O ( 1 0 0 ) , ' < E P l F A C ( 1 0 0 ) . H S O B F A C ( 1 0 0 l 
R GS t T r P f REAL L G A M C A F 
D E L . f I M , F E 
B U K / N P A R E , OS 

7XA1) 

0 X 1 9 A 4 / / ) 

,5,413,,TEA,0,I3,6«,A1) 

.5) 

X«N«15X.HT/MG«9X«S0RT(WT/MG)«llX«l(T. FACT.•l2X«ACTIV ITT 

) • /IM . C A D , C 0 V , « ) 

BARE* ) 

6,5F20,5) 

AHMORMAtl7ATlnN F A C T O R ( A f P I F I T ( N ) ) •E12.$/) 

4HN0HMALl7*TlnN F A C T O R ( A S O B F I T ( M ) ) « El2.?/) 

T M , ( M l L ) « 9 H S Q R T ( T M . ) 6 X 4 h T E P I X i 0 H S a R T ( T f P I ) 7 X 4 H » E P l 4 X 7 M 

H E S I 0 3 X O M « E P I N 0 R M 5 X 6 H A N 0 R M E 5 X 6 H E P I F A C 6 X " > H C E R I V S » 2 M H R 

0.3.FlO.S,EllJ,3,Fll,5,6Fll.5,l6)) 

T M , ( M I I , ) V 9 M S 0 R T ( T H , l 6 X 4 h T S O B X 1 0MSOR T ( T S u e ) « X ? M T E P | e 

X S M A k P I u i n X 4 H A S U B 7 x 7 M A S 0 e F I T 8 X 6 H R E S l D B 6 X 2 M M / ( F x O , 3 . 

. F l l , 5 , > F l 4 , 5 , 18) ) 

XeHTM,(>'ltl4X9HSQRT(TH,)9X4HTSuB3XlOHSORT(Tf09) 

M8X6MANrRxSflXAHS0BFACSX6t.DDERIVllX3MMTHllX3t.CDR / 

ii,El3,3,Fl3.5,6F14,5) ) 

X,A8 , X, ^ E 1 2 , 5 ) 

&HCAO,Crv. E P | F A C , 6 X . I 6 . 6 X , E 1 2 . 6 . I 6 I 

!>H BARI- EPIFAC,6X, I6.«X,E\2.A, 16) 

fcl2,6,lA) 

SOME S I A T t M t N T S IN TMF FOLLOMING LISTING LOOK LlKE LEGITIMATE INSTROC'1OsS, 

BOT HAVE THE COMMENT L A R E L . C. THOSE STATEMENTS "ERE O R U I N A L L T USED TO 

PHODOCfc LOTHOT CASUS WHICH COULD BE R E A B IN FOR FOTORF C A L C U L A T l O k S , THUS 

SAVING COMPOTfcR TIME, 

C A U F I X ) . 1.n045 - X«7,0E-5 

U»MMAF(x)il.O • X/239,5 

L b A M M A F ( « ) , 0 , 9 9 3 6 » 0 , 0 0 1 0 5 e « ( X - 2 . 2 5 ) « « 2 

NPAGE • 0 t KKK • 0 

READ tlu.SlGHES.SIQTH, A T O M S . N C A D . M B A R E . I C O H A X , I C O M I N , C E L • F I V I • EPS. N 

X . N O P U N C H 

HEAD V045, ( E P I F A C ( J ) , N E P I ( J ) , J • 1, N C A D ) 

READ V049, ( E P I F A C C ( J ) , " J B A R E I J I , J • 1. MPAR£1 

250 HEAD 10, (US( I >, I>t, 9 ) , L R U S 

n (LOlAb ,E(3, IH ) L R U S • IHH 

IF(tot,eO)Al,l 

61 CONTINOE S STOP 

1 CALL NbhPAI.E < KKK > KKK « 1 

http://M8X6MANrRxSflXAHS0BFACSX6t.DDERIVllX3MMTHllX3t.CDR
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|iRINT,)0,SlGRES,SIBTH,ATOMS,NCAD 

X.ielAb 

HtAD AND FhlNT INPOT TATA PLUS MU/SO CM 

0 1 / l 4 / « 7 

A D , M B A R E , I C O M A X , I C O M I N . D E L . F 1 N I , 6 P S , N 

$ A C A D d ) • E X P F < A C A D ( I ) ) 

NCAD 

PRINT SO 
DO 1 1 1 = 1 , " C A D 
READ '40 ,XC( 1 ) , U C * D ( 1 ) , A C 4 D ( I ) 

XXC = X C ( 1 ) « « 2 
C D R C d l s 0 , 3 4 ! > « X C ( I ) • 2 . 0 7 „ „ „ r , i i 

11 PRINT 7 0 , l . X X C , X C ( n , W C A n ( I ) , A C A D ( I ) , C D K C ( I ) 
C NAME ' OHSURMG CD $ 0 0 2 9 8 NO « 1 , 6 
C NP = & « I N 0 - 1 ) * 1 * N F 4 . N P » 4 J I F (NP4 . G T . NCAD) NP4 
C 29S PUNCH V I I J D , NO, NSMF, ( X C ( I ) , 1 = ^ P • N P 4 ) 

PRINT 60 
DO 12 I • l , f ^ B A R E _ „ - , . . . 
READ - . 0 , X B d ) , t l B ( I ) , A B A R E d ) J A B A R E ( I ) • EXPF1 AeARE( I ) ) 
XXB = X fc i (1 )««2 

12 PRINT 70.I.XXB,XB(I),NB(I),ABARE(I ) 
C NAME • OH SQRMG B $ D0299 NO = 1,6 
C NP=5.(N0-1)*1 » NP4=NP*4 t IF (NP4 .GT. MBARE) NP4 = M8ARE 
C 299 PONCH 9lliV, NO, NAME, (XB<I), I = NP. ''P4) 

DO 2 1=1.NCAD 
XC(I)» X0(I)«»2/49,072e f XRTC(I) « SORTF(XC(I)) 
T A U E P K I ) = A T 0 M S « ? I G R E S » X C ( I ) 

2 S U R T E P I d l r S Q R T F ( T A l l E P I ( I ) ) 
DO 3 1=1,MBARE 
X B d ) = XB( I ) « « 2 / 4 i ) , ( l 7 2 8 $ X R T B d ) » S O R T F ( X B ( I ) ) 
T A U E P l B d ) 5 A T 0 M S « S 1 G R E S « X B ( I ) 
T A u T H l l ) = ATOMS • S l G T H • X B ( I ) 

i S U R T A l T H ( n = SOKTF(T«UTH( I ) ) 
ALPHA = 6 , 0 E . 4 
DO S 1 s ICUMIN,ICCMAX 
KI = 1 

CD COVENED FOILS 

00 201 j:l,NCAD 

E P U A t (Jl CALCOLATEn ONCE FROM THEN ON THE VALUES READ IN 

IF (KKK ,GT, 1) GO TO 210 
CALL EPItUNC(TAUEPI(J),TFMP,EPS,ICOLNT,N) 
PONCH 9040, J, TEMP, ICOUNT 
EPIFAC(J) » TEMP $ N E P K J I c ICOUNT 

210 TX • TAUtPI(J)/2, 
CALL BESl(TX,O,0,l,AP,L) 
DERIV(J) : AE(1I « AE(2) 
CUEFIIV(J) = (EPIFAC(J) - DERIV(J))/TAUEPI(J) 
IF(LBIA5 ,E0, IHL) Gn TO 200 
AEP|(j) = ciAMMAF(XC(J))«ACAD(J(/(l./CADF(XC(J))«ALPH»«(CDRCtJ)'.l.)) 
GO TO 201 

20 0 AfcPI(J).LQAMMAF(XC(J))«ACAD(J)/(l,/C»DF(XC(J))*»LPH*«<CD«C(Jl-l.)) 
201 CONTINUE 

CONSTRAIN LbU FIT TO MEET PHYSICAL REQUIREMENT THAT AEPI • 0 K H E N ' E P I F A C » 0. 
NCI « NCAD • 1 S EPIPAC(NCl) « 0,0 
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hC 
CALL 

X 
AEPIZ 
DO 6 
EX(K, 

6 AtPIZ 
00 13 
AEPIF 
DO 7 

7 AEPIF 
DO 17 

17 EDERl 
XCUERI 
ANORM 
A6PIN 
HEPIF 

13 HR(J) 

AO(NCl). 
LS(<HOL(E 

1 
<0,U 

K • l.KI 
Kl.ERMAT 
= AEPIZ 
J*1,NCA 
1T(J) t 0 
K«1,KI 
1T(J). C 
K = 2,K 

viji.eoE 
V( J) 
E(J) = A 
OHM(Jl > 
AC(Jl.DE 
' bUFRI 

01/14/67 

10,««A S AEPI (NCI) • 0.5 
PIFAC.AFPI.tiCAD.RESIDiKCl. SUH, 1, ERHAT ,COFr 1. 1,100. 

(K,K) 
• C0F(1(K) 

D 
,0 « EDERIVIJ)« 0,0 

OEFl(K) •6PIFAC(J)..(K.l) • A E P | F I T ( J ) 
I 
RIV(J).i,/AEPI2«C0EFl(K)«(K-l)«EPlF*C(J)««(K-2)» 

EP1FIT(J)/AEPIZ 
AfcPI(J)/4EPIZ 

HIV(J)/FPIFAC(J) - 1. 
V(J)«(-T*UEPI(J)/ANORHE(J)l 

BARE FOILS 

DO e J >1,MBAR 
Z«TAUIH(J) 

EPItACH(J) CALCOLATEn ONCE FROM THEN ON THE VALUES READ IN 

220 

21 

IF 
CA 
PU 
EP 
AE 
DO 
Ak 
IF 
AB 
GO 

202 AH 
203 AS 

EH 
CA 
E3 
SO 

a 00 
ONSTNAl 

CA 
AS 
DO 

V AS 
DO 
AS 
DO 

14 AS 
DO 

Itl Db 

(KKK 
LL tP 
NCH 9 
IFACB 
PIB( J 
21 K 

PIB( J 
(LBIA 
ARCU( 
TO 2 
HCU( 

Ud(./) 
ROH • 
LL bO 

b . 
R> AL( 
EHIV( 
N LbU 
MBAH 
HBlMI 

LL LS 
UB2 » 
9 K» 

UBZ ' 
15 

UBFIT 
14 K 

UbFlT 
IB K 

RIVTH 

.GT, 
1FUNC( 
050, J 
IJlrTE 
) • 0, 
• 1,« I 
) • AE 
S .f-o, 
J>>ABA 
03 
jlaABA 
• A B A 

1 , [I t -

N b ( Z , E 
b « ( f X P 
J l " 1 
J ) . 1 
M T T 

I • MB 
BAHDt 
UHOLIS 
O.O 

1,KI 
ASuBZ 

J= 1,M 
(J)t 0 
• 1 , « 1 
(J) s 
• 2,K 
(J)«DE 

1) GO Tn 220 
TAUEPIB(J),TEMP,EPS,ICOUNT,N) 
, TEMP, ICOUNT 
MP % NOARE(J) • ICOUNT 
0 

P1B(J)» COtFl(K).EPIFACB(J)««(K-l) 
IHL) Un TO 202 

NE(J)>GAMHAF(XB(J) 1 

HE( J)«Lr,AHMAF(XB( J) ) 
R C O ( J ) - AEP18(J) 
4 
P.ERHCR) 
F(.7).(l.-Z)^ Z««2«EP) 
/Z ' ( C S . E3) 
/Z •(1:XPF(-Z)-Z«EP-SUBFAC(J)) 
0 MEET PHYSICAL REQUIREMENT THAT ASUB • 0 "MEN SUSFAC • 0. 
ARb«l t SUBFAC(MBAnl) • 0.0 
10,oA S ASUB (MBARt) • 0.0 
UBFAC.A<;UR.UB.RESIDR.M(1AR1,SUM1,1.ER.C0EF?, 1,100.10) 

CnEF2(K) 
BARE 
,0 « nERIVTH(J).0,0 

ASU6FIT(J). C0EF2(K) .SUBFAC(J)«*(K-1) 
I 
HIVTH(J). 1 , / A S U B Z • CCEF2(K).(K.l)«SUBFAC(J)««(K-2)« 
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0 1 / 1 4 / 6 7 

C 
c 
C 3 0 0 
C 
C 
C 3 0 1 
C 
c 
C 3 0 2 
C 
C 
C 303 

304 

3 0 3 

306 

3 0 7 
C 
C 
C 3 0 8 
C 
C 

C 3 0 ^ 
C 

c 
C 310 

X O U E R I V ( J I 
ANOHHi>(J) = A S U b F l T ( J ) / A S U B 2 
«SUfaNIJHM(Jl = 4SUB( J l / A S I I B Z 
CUR(J) • ASUBFIT(J)/4EPIB(J) • 1 

CADRATIO(J) = CUR(J) - 1 

HbU0FAC(J)= .TAUTHIJl«DDFRIV(J)/SUBF 

HTH(J)= - T A U T H ( J ) / A N O R M S ( J ) « DERIVT 

CALL NthPAGE 
CALL l,OPHINT(NCl.Ex,SUM, I.COEFl) 
PKINT 120,AEPIZ 
PRINT 140,(XC(J),XBTr(J),TAUEPI(J).S 

XRtSID(J).A^PINORM(,), 
X «rORME(J),EPlFAC(J),DERIV(J 

CALL NtbPAbfc 
CALL i;uPHIi\.T(MSARl,ER,SUMl,I.C0EF2) 

PRINT 13U,»SUBZ 

CALL iStkKAGE 
PHINT 150,(XS(J),XOTB(J!,TAUTH(J1,SO 

X,AEPIb(J),ASUB(J),ASuBFIT(J),RESIDB( 

PHINT 160,(Xfl(J),XCTB(J),TAUTH(J),SC 

XANOHMbIJ). 
XSUB(AL(J).rDERIV(J),HTH(J),CDR(J),Jt 

IF (NLPUNCH .Ea, IBNi GO TO 5 

NAME = OHMILS CD I DO300 NO ' 
NPs5«(N0-ll*l i NF4»NP*4 % IF (NP4 

PUNCH VOJO, NO, NAMF, ( X C ( J ) , J = 

NAME = OHSURMILCD $ DO301 NO » 

NP=5«(N0-1)»1 » NF4sNP.4 J IF (NP4 

PUNCH 'illiU, NO, NAMF, ( X R T C ( J ) , J 

NAME = BHTAUEPI $ 00302 NO t 

NPs6«(N0-l)*l » NP4«NP»4 t IF (NP4 

PUNCH 9030, NO. N4MF. ( T A U E P K J ) . J 

NAME = BHbORTAUEP $ DO303 NO = 

NPcb«(NU-l)»l I NF4=NP»4 I IF (NP4 

PUNCH 9030, NO. NAMF. ( S O R T E P K J ) . 

NAME = BHAEPINORM i 00304 NO » 

N P = b « ( N O - l ) • ! i NP4=NP»4 % IF (NP4 

PUNCH V030, NO, NAME, ( A E P I N O R M ( J ) , 

NAME • BHJNORMb I 00305 NO « 

NP = 5«(N0-l).l I NF4eNP«4 J IF (NP4 

PUNCH 9030, NO. N4MP, (ANnRME(J), J 

NAME = BH F(TAU) $ D0306 NO « 

NP=5«(N0-1)»1 S NP4=NP»4 $ IF (NP4 

PUNCH 9030, NO, NIMF. ( E P I F A C ( J ) , J 

NAME = Bh HR % DO307 NO • 

NP=5.iN0-l)tl i NP4=NP»4 $ IF (NP4 

PUNCH 903U, NO, NAMF, ( H R ( J ) , J < 

NAME = BHKILSBARE $ 00308 NO -
NP=5«(N0-1)»1 S NP4aNP«4 J IF (NP4 

PUNCH 9030, NO, NAMF, ( X B ( J ) , J « K 

NAME = BMSQRMILSB $ D0309 NO « 

N P = 6 « 1 N 0 - 1 ) • ! i NP4iNP*4 S IF (NP4 

PUNCH 9030. NO, NAME. ( X R T B ( J ) . J s 

NAME = 8HTAUTH $ 00310 NO « 

NP=5«(NU-1)»1 i NP4=NP*4 J IF (NP4 

PUNCH 9030, NO, NAME. ( T A U T H ( J ) , J 

AC(J) 

H(J) 

) . H R ( J ) . N E P I < J ) . J » 1 ' N C * D ) 

H T A U T H ( J ) . T * U E P l e ( j ) . A B * R C O ( J ) 

J ) . N B A R E ( J ) . J = 1 . M B « R E ) 

R T A U T H ( J ) . « S U B N O R M ( J ) . 

1.MBARE) 

1.6 

,GT. NCAD) NP4 = NCAD 

P. NP4) 

1.6 

.GT, NCAD) NP4 s NCAD 

NP. NP4) 

1.6 

,GT. NCAD) NP4 » NCAD 

NP, NP4) 

1,6 

,GT. NCAD) NP4 = NCAD 

J = NP, NP4) 

1,6 

,GT, NCAD) NP4 • NCAD 

J • NP. NP4) 

1,6 

,GT. NCAD) NP4 e NCAD 

NP. NP4) 

1.6 

,GT, NCAD) NP4 « NCAD 

NP. N P 4 ) 

1.6 

,GT. NCAD) NP4 « NCAD 

P. NP4) 

1.6 

.GT. MBARE) NP4 > MBARE 

P. N P 4 ) 

1.6 

.GT. M B A R E ) NP4 > MBARE 

NP, NP4) 

1.6 

G T . MBARE) NP4 > MBARE 

= NP, NP4) 
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c 
c 
C 311 

312 

313 

314 

315 

316 

317 

318 
5 

NAME ° BHSltRTAUTH 
NP»5«INU'1)«1 I NF 
PUNCH 9U30. NO, NA 
NAME c B H A S U B N U R H 

MP=b«(NO-l)«1 i NP 
PUNCH 9030, NO, Nl 
NAME • OMANORMS 
NP=5«(N0-1)»1 » NF 
PUNCH 9030, NO, Nl 
NAME = BH U(TAU) 
NP«5«(NU-1)»1 i NP 
PUNCH 9030, NO. NA 
NAME > BH HTH 
NP=5«(NU-1)»1 % NP 
PUNCH 9030, NO, NA 
NAME » BMLUR - 1 
NPa5«IN0-l)»1 i NF 
PUNCH V030, NO, NA 
NAME « BHMSUBFAC 
NP=6«(NU»1>»1 > NF 
PUNCH 9030, NO, NA 
NAMfc • BHHEPIFAC 
NP=5.(NU-1)»1 > NF 
PUNCH 9030, NO, NA 
CUNTINUfc 
GO TO 2bO 
END 

I D0311 NO < 1.6 
4iNP*4 % IF (NP4 .GT. MBARbl NP4 i MRA^E 
MP, (SOPTAUTH(J), J I NP, N P 4 ) 

i D0312 NO • 1,6 
4>NP»4 I IF (NP4 .GT. MBARE) NP4 • MBARE 
MF, (ISUBNORM(J), J • NP, NH4) 

S D0313 NO • 1,6 
4sNP>4 t IF (NP4 .GT, MBARE) NP4 • HRARE 
MF, (ANORMS(J), J « NP, NP4) 

$ 00314 NO • 1.6 
4>NP«4 t IF (NP4 ,GT. MBARE) NP4 t MBARE 
MP. (SUBFAC(J), J 1 NP. NP4) 

S 00315 NO » 1.6 
4>NP>4 t IF (NP4 .GT. MBARE) NF4 • MBARE 
MF. (UTH(J), J • NP. NP4) 

S 00316 NO • 1.6 
4aNP«4 t IF (NP4 .GT. MBARE) NP4 « MRARE 
MP, (CADRATIO(J), J 1 NP, NP4) 

S 00317 NO ' 1,6 
4>NP«4 t IF (NP4 .GT. MBARb) NP4 • MBARE 
MP. (USUBFAC(J). J » NP. NP4) 

t 00318 NO • 1.6 
4iNP«4 t IF (NP4 ,GT. NCAD) NP4 • NCAD 
MF. ( H E P I F A C ( J ) . J • Np,NP4) 
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SUHROUTlNfc bPIFUMCtT.SUM.EPS, I COUNT, N) 
13 rORMAT(lH0*AKGUMFNT LIMIT EXCEEUED IN EPIFUNC 

COMMON/XYZ/DEL.flNI ,XP 
XP = f'O.b i XI = XP S ICOUNT = 0 % 
GO T0(<i,4) ,NS 

ii X2 = Xl«Utl • XI 
IF(X2,liT.709. ) GO TO 5 
TEST e KlfcMAN(Xl,X?.N.FPS.ICOUNT) 
NS I ii » SUM : TEST 

4 XI = Xi t X2 = XI. •DEL • XI 
IF(X2.GT,7C9, ) GO TO 5 
TtSTl = HIeMAN(Xl,x2,N,EPS,ICOUNT) 
SUM = SUM * TESTl 
n (ICUUNT.GT.mOOD) RO TO 9 
If (TEiTl/TEST .. F I M ) 9 , 9 , 4 

5 CONTINUE 
PKINT 13 

V RETURN 
END 

SUBPruTIKE*) 

NS = 1 

01/14/67 

SUBROUTINE C0PR1NT(N.E,S. I.C) 
DlMENblON fc(10,in).C(I),JERCO(10) 
FORMAT(1HOI14,2E20.7) 
FORMAT!// 1H09X ^HjERCO 9X1IHCOEFFICIENTIIX5HERROH /) 
F O R M A K 37H wblGt-TFD SUM OF SQUARED DEVIATIONS = E13.5//> 
PRINT 4 
DEG = N-l 
DO 1 K = l, I 
JfcRCO(K) : 0 
I M E ( K . K ) ,GT,0.0) r-O TO P 
JERCO(K) =1 
E(K,K) s SQRTF(S*4BSF(E(K,K))/DEG) 
PRINT 3,JtWCO(K),C(K),E(K,K) 
PRINT S,b 
RETURN 
END 



01/14/67 

FUNCTION V A L U E I X , I I ) 

DIMENSION A(1016) 
COMMON/XYZ/UEL,FINI ,XP 
II » ll • 1 
CALL BtSI(X,n,0,l,A,L) 
VALUE • l,/X««2 • XP.(A(1) • A(2)) 
RETURN 
END 
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200 

202 

204 

206 
210 
212 
21J 
214 
215 
216 
218 
220 
222 
224 
226 
227 
228 
232 
229 
230 
231 

SUBHOUTlNb EONE(TALB,ESBONE,ERROR) 
IF (TAUB-1,0) 206,206,202 
MASTIN(iS APPROXlMATInN 
EbBONt«(l(((8,5/33?874.TAUB)«TAUB.le,0590170)« 
I TAUB«8,63476089).TAUB«0,267773734)« 
1 2,7ie2ai83«.(.TAuR))/(((((9,!7332235«TAUB>« 
I T A U H . 2 5 , 6 3 2 9 5 A I ) « T A U 8 « 2 1 . 0 » 9 6 5 3 1 ) « T A U B 

» 3 , 9 5 8 4 9 6 9 2 | « T A U B ) 

EXPANSION FCR SMALL TAUB 
U>(TAUB) 
,577215665.cu»S 

HtTU 
SERI 
SUMS 
SUMS 
FNOi 
SIGN 
FACi 
TAUI 
SUMT 
SUMS 
Tl.S 
T2.A 
If ( 
FACs 
SIGN 
FND« 
TAUI 
GO T 
ESBO 
GO T 
END 

RN 
Eb 
LU 

• -0 
1.0 
•1. 
1.0 
• TA 
• bUI 

• bU 
UMb 
Hit 
T2-
(tN 
(• 

FND 
• TA 
0 2 
Nb 
0 2 

»SIGN«TAUI/(FND«FAC) 
UMT 
1) 
H0R«SUMS) 230,230.226 
l,0)«FAC 
0)*SIGN 
.0 
TAUB 

MS 

C30!0003 
C3050004 

e]09ooo5 
C3050006 
C3050007 
C3050008 
C3050009 
C3C50010 
C3050011 
C3050012 
C3090013 
C3050014 
C3050015 
C3050016 
C3050017 

csosoots 

C3050020 
C3:5002l 
C3050022 
C3050023 
e30500?4 
03050025 

C3050026 
03050027 
C3C50028 



68 

APPENDIX D 

Examples of STANSECO Output 

Figures 19-22 are typical samples of the printout from P r o g r a m 
STANSECO. Figure 19 is a listing of the input data for the North Counting 
Room, high-bias case. Figure 20 gives the four-coefficient output for the 
cadmium-covered foils, and Figs. 21 and 22 give the four coefficients and 
the corresponding output for the bare foils. 



SEC"<t««flfcP »U fOlLS G***** »CT LEAST SOft FtT.MlTl.CO «*TIO NO«T 

S,70000>020 6>'99|)0-0?S 1.5l Ol)0*0?l) ?4 73 4 2 &«001 1-004 l«005 4 

H 
CAD. COV. 

1 

I 
1 
4 
5 

« 7 
4 

» 19 
11 
12 
IT 
14 
15 
16 
17 
14 
14 
20 
11 
it 
23 
2< 

B A X 

\ > 1 
4 
1 

• 7 

• t 
11 
11 
11 

ts 
14 
If 
16 
IT 
14 
1« 
• I 

II 
If 
11 

112-814S-B 

KT/KO 

g.scsoo 
0.21444 
O.1B40K 
I).47l50 
0.57«6T 
0,70414 
l.»14«4 
1.48401 
1.71l»4 
2.:>a<4 
2.32«44 
?,4404« 
1,24501 
A.O'lOt 
«.3»»'t 
10.46132 
13.42n03 
23.34001 
36.71004 
4A.26Q4A 
74,234>< 
9S,49004 

2 1 2 . 9 2 4 3 A 

31?.78«»« 

O.OBSOO 
0.21466 
o.iatis 
0.47l5l 
0.47»6T 
o.'otta 
1.40431 
1.70?»4 
2.39144 
2.34301 
2.424t« 
3.20600 
4,BJ002 
A,2404« 

10.45293 
13,41042 
23,32001 
)•.04003 
46.26646 
'4.349»6 
»4,45ll0» 

2i4.;r4i] 
306.70641 

SQUTrMT/MSI 

1.28610 
4.46666 
4,43106 
n,66666 
n.76136 
n.84211 
1.10272 
<.72029 
1.30043 
1.43640 
1.92643 
1,60031 
1.60154 
2.20290 
2.92140 
'.23435 
3.67466 
4,63119 
4.22174 
4,94766 
4,61626 
0.79941 

14.99718 
17.67170 

n.26910 
4.46666 
4.43106 
n.66666 
4.76136 
6.64211 
1.21620 
1.30490 
1,42946 
1.53069 
1.90902 
1.79093 
2.14773 
2,90619 
3.21296 
3.66147 
4.62906 
6.16766 
4.44766 
4,40923 
4,71941 

14,61410 
17.47010 

"T, F A C T , 

0.333 33 
0,66667 
0,66467 
1.00000 
1.00000 
ItOOOOO 
1,25000 
1.42657 
1,66667 
2,00000 
2.22222 
2,90000 
3,33333 
9,00000 
6,66667 

10,00000 
10,00000 
10.00000 
10.00000 
10,00000 
10.00000 
10,00000 
10,00000 
10.00000 

0,33333 
0,66667 
0,66467 
1.00000 
1.00000 
1,00000 
1,42697 
1,66467 
2,00000 
2,22222 
2,90002 
3,33333 
9,00000 
6,66467 
10,00000 
10,00000 
10,00000 
10.00000 
10.00000 
10.00000 
10,00000 
10.00000 
10,00000 

HTM Hir.u eiis pRBcisseo 

4cTiviT» eD»c(N) 

9.97416 1 
9.63374 1 
9.969«« t 
9.46439 f 
4.36014 f 
9.42140 r 
9.16514 » 
9,12730 t 
9.06060 r 
9.04696 9 
4,96967 2 
4,03434 2 
4.76774 2 
4.91552 f 
4.26354 t 
3.61359 J 
3.91101 J 
2.93959 S 
2.41146 4 
7,70690 4 
1.62806 4 
1.64694 4 
1.17354 f 
i.oooon a 

13.43246 
13.17964 
13.11366 
12*44079 
12.44216 
14.21247 
12*63762 
12.63049 
12.40313 
12.69332 
12.72]4t 
12.34236 
12*17360 
11*47494 
11*40426 
11*17676 
16*41623 
4*43916 
4*71363 
9*22662 
6.44794 
6*62764 
7,99616 

.16934 

.23164 

.21471 

.10640 

.S3267 

.36053 

.45044 

.44099 

.42141 

.46629 

.94662 

.62211 

.19146 

.62'»6 

.94006 

.16969 

.33899 

.73675 

.21690 

.46694 

.04261 

.44942 

.10«27 

.16674 

Fig. 19. Input Dau for STANSECO 

4 0 
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SEeKINGER AU FOILS StMMA ACT LEAST SOR FIT*H(TI,CO RATIO NORTH HIGH BIAS 4R0CISSED 07/24/66 

JE4C0 

0 

0 

0 

COEFFICIENT 

4.3308800-007 

6,0669929*000 

•3*0643663*000 

ERROR 

7*5515721-005 

1,6762215*001 

3,6599981-001 

0 7*5922387-001 2*9204298-001 
MEIQHTED SUH OF SQUARED DEVIATIONS = 1.19795-001 

NORHAUIZATION FACTOR!AEPiFlTIN)) > 5.75743*000 

TH.(MIL) SORTCTH.) TEPI SORT(TEPI) JEPl JEPIFIT RESID AEPINORM ANORME ERIFAC OERIV HR II 
.641-003 0.04H3 9,450.003 0.09721 5,59527 5,69262 0.19739 0*47266 0.46960 8*48578 0.99764 0.0097» 264 
,476-003 0.06690 2,5ol-002 0,15614 5.69509 5.61993 -0.03511 0,99307 0.97607 6.46860 0.99379 O.Ol'oi 252 
,767-003 0,06194 2,ll6-002 0,14549 5,56683 9.63664 0.04961 0,97l2i 0,97967 ft.97254 0.99474 0.0167B 256 
,606-003 0.04802 5.968-002 0.23164 5.50696 9,51016 0.00320 0,95733 0,95768 5.44264 0,98676 0.634iB 248 
,161-002 0.10669 6.600*002 0,25690 5,38025 5,46637 0.08812 6,93930 0,99062 i.433l7 0,98377 0.0398' 248 
.445-002 0.12021 6,074-002 0,28414 5,44174 5,42127 -0,02048 0*94999 0*44243 0.42227 0,49022 O.O4631I 248 
,478-002 0,15741 1,384.001 0,37206 9,20442 9,29622 0.65381 0*90473 0*91409 0*98496 0.46695 O.O664I 240 
,034-002 0.17419 1,695-001 0,41173 5.14639 5,18059 0.03420 0,69465 0,40099 6.16743 0.95939 0.0789B 236 
.489-002 0,18679 1,949-001 0,44149 9*09992 5*12112 0.02160 0*89690 0.94029 0*«94lO 0.99355 0,06693 236 
,216-002 0,20939 2,996-001 0,48934 5.06538 9*03147 •0.03341 0*68096 0.67476 1.83429 0.4444; 0.09896 236 
.749-002 0*2l7«0 2,653-001 0*91909 9,00823 4,97091 -0,03743 0,B7063 0,96412 6.92090 0.93769 0.10724 236 
,214-002 0,22845 2,9i6.00l 0*93497 4,95282 4*91911 -0.03370 0*86l00 0*85514 8*80'49 0.932li 0.11422 236 
.613-002 0.25715 9,694*001 0*60782 4*78565 4,77741 •0.00929 0.69194 0*93090 1.77962 0.91559 0.1333' 236 
.899-002 0.31441 5,929-001 0,74316 4,99266 4,49490 -0.03918 0,78796 0*76132 I,41414 0.87999 0.17156 2l6 
,246>001 0.36000 7.]41>001 0,99044 4,26004 4,27373 -0.00632 0,74404 0,74294 4*47349 0.64737 0.2011' 2o8 
,132-001 0*46171 l.lOlitoO 1,09133 9*82906 3,81016 -0*01990 0*66964 0.46236 i*l89l8 0.77279 0.26161 2o9 
.795-001 0,52489 1.53'*800 1*24067 3.52679 3,54912 0.02134 0,61309 O.6I660 I.»34l9 0.72612 0.294ol 2oO 
*746-001 0*68469 2,697*000 1*63012 2,44970 2.46997 0.01989 0,91277 0,51806 i,i9127 0.61298 0.35751 190 
,891*001 0.88916 4.4o7*t00 2*04493 2.42999 2.44844 0.62910 0,42163 0*47565 i,)4497 0,90306 0.4014' 160 
*936-001 0*"179 5.496.(00 2*34427 2,21470 2*23714 0*02244 0.J9900 0.J6B40 J.JllAl 0*45733 0.4l961 152 
.513*000 1.22»48 8.492*000 2,9o729 1*64314 1.88187 0.61993 0.32041 0*92963 4.J9976 0,37602 0.437(4 no 
.499*000 1.34931 1.092*001 3*30919 1.86273 1*66269 -0.00010 0*2«409 0.2"909 8.J24l8 0.99928 0,44648 126 
.339*000 2.08364 2,424*001 4*92364 l*l953B 1.19378 -0*64194 0*20790 0*20097 I.19149 0,22677 0.46941 I08 

8*964*000 2*52266 3,555*001 5.96276 1.02690 0*96221 •0*06404 0.17841 0.18727 8.12905 0,18794 0,474ol 96 

112-8145-A 

Fig. 20. Four-coefficient Output Data from STANSECO for Cadmium-covered Foils 



0 

40 FOILS 04M-6 ACT LEAST SOR FIT,M(I)*CD RATIO N04TM HIG- BIAS MBCISSED 07/29/68 

COffFleiENT ERROR 

.4.1488297.011 2.6091488*904 

6*9991254*600 1,4499290*091 0 

0 3 *9216314 .000 3*1116466*011 

0 - » . 7 5 9 4 9 9 1 * 0 6 9 1*6898644*0«1 

m l J M I t O SU» Of SOUABiO DEVIATIONS > 1 .97826*000 

N0H4AL1ZATI0N FACTOR(AlU»f IT(H| ) • 7 .64490 .009 

112-814S-C 

Fig. 21. The Four Coefficient! for Baje-foil Data. [The relauve size of the numben in the ERROR column 
indicates that the experimental precision was such that no significance should be ascribed to the 
coefficients shown. Ptoceising with two and three coefficients (results not shown) yielded smaUet 
errors in the coefficients, indicating that the experimental data do differ significantly from the 
simple theoretical model. See Fig. 11.1 



- J 
t o 

SECKINGER AU FOILS G»N"A ACT LEAST SOR F I T , H I T ) , C D R«TIO NORTH HIGH BIAS PRBClSSED 0 7 / 2 9 / 6 6 

T H . ( 4 I L ) SORTITH.) TSUB SORKTSUBl 'EPIB A64BC0 AEPlB ASUB " " S ^ ' ! . " ^ 5 ? ? 2 ^ 
l . O n - 03 0 . 0 4 1 1 3 2 . 2 3 7 . 0 0 9 0 . 0 0 4 7 3 0*00945 1 5 , 4 3 2 5 0 5 , 6 4 2 6 2 7 . 7 3 0 6 8 7 . 6 9 7 7 6 " - J J J l J ^^J 
; 4 7 6 - 0 0 3 0 . 0 6 6 4 0 5 . 9 2 0 . 0 0 9 0 , 0 0 7 6 9 0 . 0 2 5 0 1 1 3 . 1 7 9 8 9 5 . 6 1 0 9 3 7 . 5 5 9 9 6 ' • " " ! , ,,IT, tit, 
3 7 0 7 - 0 0 3 0 . 0 6 1 9 4 9 . 0 0 8 . 0 o 5 0 , 0 0 7 0 6 0 . 0 2 1 1 6 U - l l ' S l 5 , 6 3 6 6 4 7 , 4 7 7 1 7 ^ H J U I zllll 246 
9 6 0 9 - 0 0 3 0 . 0 9 9 6 2 1 . 2 7 1 * 0 0 4 0 . 0 1 1 2 7 0 , 0 5 3 6 8 1 2 . 8 9 1 2 7 5 . 9 1 0 1 6 ' ' " " i T'IVAA , , \ l 7 t 248 
1 1 8 1 - 0 0 2 0 . 1 0 9 . 9 1 . 9 6 2 - 0 0 4 0 . 0 1 2 9 0 0 . 0 6 6 0 0 1 2 . 9 4 2 8 0 5 . 4 6 6 3 7 7 . 4 7 4 4 2 7 . 6 9 4 1 8 . 2 1 9 7 6 248 
1 4 4 9 - 0 0 2 0 * 1 2 0 2 1 1 . 9 1 1 . 0 0 4 0 . 0 1 3 8 2 0 . 0 6 0 7 4 1 4 . 2 1 3 3 3 ' • « 2 l " J " " ? ! Villi, 0 03123 236 
9 0 2 4 - 0 0 2 0 . 1 7 9 4 0 4 . 0 0 0 . 0 0 4 0*02000 0 . 1 6 8 9 6 1 2 . 6 9 9 2 4 5 * 1 9 l 4 6 7 , 6 5 7 2 6 I ' " ? " ! ' ! « ! J 236 
3 4 6 1 - 0 0 2 S , 1 6 6 5 6 4 , 6 o 9 . 0 0 4 0 , 0 2 1 4 6 0*1»446 1 2 . 6 3 5 6 1 5 . 1 2 2 1 6 7 . 7 1 0 6 5 I ' ? ! ! ; ? 'I'AIA III 
4 1 4 i - 0 0 2 0 , 2 0 3 4 4 5 . 4 7 7 , 0 0 4 0 , 0 2 3 4 0 0*29194 1 2 . 9 0 5 3 6 5*04o4o 7 . 8 6 4 4 6 ' . 6 6 5 3 1 •'•\ll\l j ' j 
4 7 7 5 - 0 0 2 0 , 2 1 8 9 1 6 . 9 l 5 ^ 0 0 4 0 . 0 2 9 1 3 0 . 2 6 6 7 5 1 2 . 6 5 5 8 5 4 * 4 6 7 6 3 7 . 6 8 6 0 1 I'lHV, , ^VsiT ill 
9 1 4 5 - 0 6 2 0 . 2 2 6 6 9 6 . 8 o 5 ^ 0 0 4 0 .0260O 0*28747 1 2 . 7 2 6 2 2 4 * 4 2 7 0 3 7 . 7 9 9 1 4 I ' " ! " / U s j l 236 
6 9 3 9 - 0 0 2 0 . 2 9 9 6 0 6 , 6 4 1 . 0 0 4 0*02440 0 * 9 6 5 0 1 1 2 . 3 9 5 7 4 4 , 7 8 5 0 8 ' • « ! « " ! ' " ! " J - ' . J ' i ^ 1^6 
4 8 4 3 . 0 0 2 S*31379 1 . 3 o 2 . 0 0 9 0 . 0 9 6 0 6 0*94440 1 2 * 1 7 6 6 1 4 . 4 9 7 8 4 7 , 6 6 0 7 7 7 , 6 7 0 9 0 - ' - " " l ' l \ l 
1 2 8 0 - 0 0 1 0 , 9 5 7 7 6 1 , 6 9 9 . 0 0 9 0*04114 0*71910 1 1 . 6 8 1 2 8 4 . 2 8 4 4 4 I - ^ J " T'IA'A, I „,ll\ III 
2 1 3 0 . 0 0 1 n 4 6 1 9 1 2 8 l 7 , 6 0 9 0 , 0 5 3 0 9 1 . 1 9 9 4 8 1 1 . 4 1 4 4 4 3 , 8 1 1 0 2 7 . 6 0 3 4 2 7 , 6 4 3 4 8 6 . 0 4 0 0 6 206 
2 7 3 3 ' o n S ' 5 2 2 ' 9 S M J I O O S I.UHI 1 . 9 2 6 7 9 1 1 . 1 9 3 5 1 3 . 9 9 6 6 3 7 . 6 2 6 6 8 7 , 6 3 0 3 7 0 . 0 0 3 4 9 2oO 
I'.lll.lll 6 5 6 V.IU.IU 0 OTSIR 2*65501 10.59414 2.46946 7.5606. .98940 .0.0002 8 
7 7 9 1 . 0 4 1 4 66044 1 6 2 5 . 0 0 2 0 . 1 0 1 2 9 4 . 3 9 0 4 l 4 . 9 6 7 3 2 2 . 4 6 9 6 7 7 , 9 0 1 6 9 7 . 9 3 3 7 9 0 . 0 3 2 1 4 160 1:1,1-111 I'.lllA l.lllMl 1 i " 9 .44?» . 4.79392 2.23714 7.91634 7 .4 ,755 •••""' J " 
1 9 4 9 . 0 4 0 , 2 2 8 4 1 1 9 0 6 . 0 0 2 0 . 1 4 . 2 7 8 , 4 9 0 6 8 9 , 2 8 6 7 7 1 , 8 8 3 7 5 7 , 4 2 3 0 2 7 , 4 i 2 o 5 . 0 . 0 1 0 9 7 140 

} : ' ?: ulltA \Ml:lll SI* I, IONJSOS 9.019,1 I , . . , ; , 7,35326 7 . 3 , . i 4 . o . o o ' i . 129 
J 3 6 7 . 0 0 0 2 06969 5 . 7 7 5 . 0 0 2 0 * 2 4 6 9 2 2 4 . 9 9 6 0 3 8 . 1 7 4 2 4 1*19099 7 , 0 2 3 8 5 ' • " " ; • " . - J S J U ll 
« : 2 , 1 . 0 0 0 l i s o e i S 6 . 9 2 0 . 0 0 2 0 . 2 8 8 4 5 9 9 . 1 4 6 8 4 7 . 7 9 6 7 0 0 . 4 6 7 4 6 6 . 7 6 9 2 4 6 . 7 , 3 , , 0 . 0 0 4 7 5 , 6 

TH (MIL) SORT(TH*) TSUB SORT(TSUB) ASURNORH ANORHS SUBF6C DBE»IV HTH Co" 
1 6 9 1 . 0 0 3 0 . 0 4 1 1 3 2 . 2 3 7 - 0 0 5 0 . 0 0 4 7 3 1 , 0 0 9 9 7 0 * 9 , 9 , 0 0 . 9 4 9 9 7 -B.SOSOT 0 . 0 0 0 0 4 ^ - ' 5 2 2 3 
i ' J ? ^ SSs I IIM 5 9 2 0 - 0 0 9 0 0 0 7 6 9 0 * 4 9 1 4 8 0*49477 0 .9496A . 4 . 9 2 8 1 0 0 . 0 0 0 2 1 ^ • ' « ' ' ? 
5" 5 : " ? l . l l l - u l 0 0 7 0 9 0 * 4 7 1 2 9 0*99980 0 . 9 9 4 7 3 • 4 . 4 1 3 7 0 . 0 0 0 , 6 2 . 3 6 5 5 
9 6 0 8 - 0 0 3 0 04802 1 271-0O4 0 . 0 1 1 2 7 0*45877 0 * 9 9 9 5 3 0 . 9 9 9 3 7 . 6 . 4 4 « 6 l 0 . 0 0 0 4 2 ^ " 5 * ; 
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Fig. 22. STANSECO Output for Bate-foil Data, Based on the Four Coefficients of Fig. 21 
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APPENDIX E 

Leas t - squares Coefficients 

Table III contains a complete listing of the coefficients as determined 
by STANSECO, for the th ree - and four-coefficient calculations. In examining 
the last column, containing the extrapolated values, keep in mind that there 
were four independently normalized sets of input data, so that the only mean
ingful comparisons to be made in this column are between the three- and 
four-coefficient resul ts for the same set of data. 

TABLE III. Coeflicrenis lor the Least-squares Fits As OelermineO by STANSfCO 

Epi 

Sub Coelficients 

Epi 3 

Sub 3 

Epi 3 

Sub 3 

Counting 
Bias 

Low 
High 

Low 
High 

Low 
High 

Low 
High 

Low 
High 

Low 
High 

Low 
High 

Low 
High 

First 

1.15 X 
7.13 X 

4.67 I 
4.44 X 

-L33 X 
-9.17 X 

3.36 X 
-6.65 X 

1.23 X 
8.8S X 

4.55 X 
4.33 X 

-8.93 X 
-1.93 X 

1.70 X 
-6.15 X 

10"' 
icr? 

vr' 

10-8 
Krw 

10-11 
10-11 

i r ' 
10-' 

I0 - ' 
i r 7 

I0 - ' 
10-' 

10-10 
10-11 

Error 

Coelficients 

Second Error Third 

South (hunting Rwm 

LOI X 10-< 7.631 0.062 2.286 
8.14 I l i r ' 7.890 0.050 -2.163 

8 I 2 x i r S 
7.94 X i r 5 

3.27 X 10-4 
2.95 X Ur' 

2.92 X i H 
3.01 X 10-^ 

8.014 
8.039 

10.74 
9.462 

-19.34 
8533 

0.115 
0.113 

0.745 
0.673 

15.0 
15.5 

-3.700 
-2.717 

-s.m 
-L693 

60.81 
0.138 

North Counting Room 

1.04 X 10-4 
8.47 X 10-5 

7.81 X 10-5 
7.55 X 10-5 

3.x X i r 4 
2.81 X iir* 

2.83 X IO-< 
2.81 X I0-< 

7.606 
7.815 

8.035 
8067 

10.46 
9.578 

-8.678 
6.935 

0.064 
0.052 

O.III 
0.108 

0.682 
0.638 

14.6 
14.5 

-2263 
-2.IJ9 

-3.850 
-3.069 

-3.123 
-L88I 

A52 
3.522 

Error 

0.088 
0.070 

0393 
0.386 

0772 
0.697 

32.3 
333 

ao9o 
aon 

a378 
a3«6 

0706 
0661 

3L3 
3L1 

Fourth 

L147 
a450 

-34.2 
-0.900 

L28i 
a 755 

-2L5 
-2.758 

Error 

-

a3i4 
a307 

. 
17.3 
17.9 

. 
a302 
a292 

I6LI 

16.6 

WerghlM 
Sum m 
Squared 

Residuals 

1227 
0146 

ai39 
ai32 

2.257 
L839 

L702 
1.813 

0239 
ai58 

ai28 
ai20 

L888 
1.655 

L598 
L57« 

ExtrvoUted 
Activity 
l l 1 • 0 

5.315 
5.727 

5.461 
5.772 

7.3J9 
7.769 

7.285 
7.771 

5.30 
S.6W 

5.472 
5.752 

7.336 
7.t9< 

7.306 
7.844 
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A P P E N D I X F 

E x p e r i m e n t C o n c e r n i n g G a m m a - r a y S c a t t e r i n g 
and S e l f - a b s o r p t i o n 

In Sect ion V.A, we d e s c r i b e d an e x p e r i m e n t that showed tha t the 
c o r r e c t i o n for s c a t t e r i n g and a b s o r p t i o n of g a m m a r a y s by the foil a s i t i s 
being counted depends on the count ing b ias u s e d . We m e n t i o n e d i n d i c a t i o n s 
that the c o r r e c t i o n is a l so a function of w h e t h e r the ac t i va t ion is due to 
t h e r m a l or r e s o n a n c e - e n e r g y n e u t r o n s - - t h a t i s , of the d i s t r i b u t i o n of the 
ac t iv i ty ins ide the fo i l - - i f the count ing b i a s is low. We wil l now d e s c r i b e 
an e x p e r i m e n t in suppo r t of th is s t a t e m e n t . 

In the e x p e r i m e n t , a r e l a t i v e l y thin 0 . 8 - c m - d i a m gold foil (0.23 m i l ) 
was i r r a d i a t e d and was then counted at t h r e e d i f fe ren t b i a s s e t t i n g s . At e a c h 
se t t ing , the foil was counted (a) a lone on the p l anche t ; (b) r e s t i n g on two 
s l ight ly l a r g e r 2 - m i l gold foils tha t had not been ac t iva t ed ; (c) s a n d w i c h e d 
be tween the two t h i c k e r fo i l s , and (d) r e s t i n g d i r e c t l y on the p l a n c h e t wi th 
the two o the r foils on top . 

The object of the e x p e r i m e n t was m a i n l y q u a l i t a t i v e : to s e e w h e t h e r 
the combined count ing r a t e of the u p p e r and l o w e r c r y s t a l s w a s an o b s e r v a b l e 
function of the pos i t ion of the ac t iva t ed foil in the s t a c k . The r e a s o n i n g is 
that , w h e r e a s for e i the r d e t e c t o r a lone the count ing r a t e wil l depend on the 
amount of gold be tween the foil and the c r y s t a l , with the two d e t e c t o r s the 
a v e r a g e g a m m a - r a y pa th length th rough the gold wil l be the s a m e r e g a r d 
l e s s of the loca t ion of the ac t ive foil in the s t a c k of t h r e e . T h u s , the o b 
s e r v e d combined count ing r a t e for the two d e t e c t o r s would at f i r s t be 
expected to be the s a m e for all t h r e e count ing c o n f i g u r a t i o n s . If t h i s i s not 
the c a s e , then the g a m m a - r a y s e l f - a b s o r p t i o n c o r r e c t i o n wil l be d i f f e ren t 
for t h e r m a l and r e s o n a n c e ac t iva t ion of a gold foil tha t is t h i c k enough so 
that the r e s o n a n c e s e l f - s h i e l d i n g is a p p r e c i a b l e . 

The t h r e e b ias s e t t i ngs u s e d w e r e a p p r o x i m a t e l y 380, 120, and 1 3 keV; 
the high se t t ing was in the va l ley below the 4 1 1 - k e V pho topeak , and the low 
one was high enough so that no i se was not counted . The a m p l i f i e r for e a c h 
of the two d e t e c t o r s fed two s i n g l e - c h a n n e l a n a l y z e r s and s c a l e r s . The 
counting sequence a-d l i s t ed above was p e r f o r m e d t h r e e t i m e s wi th one of 
the s i ng l e - channe l a n a l y z e r s for each d e t e c t o r b i a s e d at 380 keV and the 
o ther at 120 keV; then the s equence was r e p e a t e d four t i m e s , w i th the h igh 
bias untouched but the o the r l o w e r e d to about 13 keV. The a v e r a g e d coun t ing 
r e s u l t s a r e p r e s e n t e d in Tab le IV, w h e r e the da t a for e a c h d e t e c t o r and e a c h 
b ias se t t ing have been n o r m a l i z e d to the h i g h e s t count ing r a t e . The coun t ing 
r e s u l t s w e r e r e p r o d u c i b l e to wi th in ±0 .3%. 
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T A B L E IV. Data f rom G a m m a - r a y S e l f - a b s o r p t i o n T e s t 

Upper d e t e c t o r 
L o w e r d e t e c t o r 
A v e r a g e 

Upper d e t e c t o r 
L o w e r d e t e c t o r 
A v e r a g e 

Upper d e t e c t o r 
L o w e r d e t e c t o r 
A v e r a g e 

Alone 

979.2 
994.2 
986.7 

980.0 
979.2 
979.6 

943.5 
941.2 
942.4 

F o i l P o s i t i o n 

Top Midd le 

B i a s : ~380 keV 

1000.0 978.2 
941.1 971.3 
970.6 974.8 

B i a s : ~120 keV 

1000.0 993.2 
936.7 978.1 
968.4 985.6 

B i a s . - 1 3 keV 

1000.0 992.3 
907.9 979.8 
954.0 986.0 

B o t t o m 

947.0 
1000.0 
973.5 

957.3 
1000.0 

978.6 

927.7 
1000.0 

963.8 

O u t s i d e ^ 

972.0 

973.5 

958.9 

The " O u t s i d e " c o l u m n c o n t a i n s the a v e r a g e of the " T o p " and 
" B o t t o m " r e s p o n s e s . 

T a b l e V c o n t a i n s two s e t s of r e s p o n s e r a t i o s , c a l c u l a t e d f rom 
Table IV. If the ef fec ts of g a m m a - r a y s c a t t e r i n g and s e l f - a b s o r p t i o n did not 
depend on the p o s i t i o n of the a c t i v e foil in the s t a c k of t h r e e , the " m i d d l e / 
o u t s i d e " r a t i o would be un i ty . T h i s is the c a ^ e for the h ighes t b ias s e t t i ng , 
within e x p e r i m e n t a l e r r o r . But as the b ias d e c r e a s e d , the combined uppe r 
and lower count ing r a t e s for the foil in the midd le pos i t ion i n c r e a s e d m o r e 
r ap id ly than for the foil in an ou t s ide pos i t ion , with the d i f fe rence a p p r o a c h 
ing 3% for the l owes t b i a s s e t t i n g . 

T A B L E V. R e s p o n s e Ra t ios 

Bias 

- 3 8 0 keV 120 keV 13 k e V 

M i d d l e / o u t s i d e 
M i d d l e / a l o n e 

1.0029 
0 .9879 

1 .0124 

1 .0061 
1.0283 
1.0463 

The b o t t o m row of T a b l e V shows the effect of i n t e r p o s i n g nonac t ive 
gold b e t w e e n the a c t i v e foil and the d e t e c t o r s . F o r the high b i a s s e t t i n g , the 
add i t ion of 2 m i l s of gold on e a c h s ide of the foil a t t enua t ed the g a m m a r a y s 
by 1.2%. F o r the m e d i u m se t t i ng , h o w e v e r , the i n c r e a s e d d e t e c t i o n of 
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Compton-scattered gamma rays more than compensated for the attenuation 
of the pr imary gamma rays (as discussed in Section V.A). At the lowest 
bias setting, where X rays would be counted, the extra 2 mils of gold on 
each side of the foil resulted in a count-rate increase of almost 5%. 

For this experiment, the detecting crystals were fairly close to the 
foil (-£1 cm), and the distance was not varied. One would expect, however, 
that the relative magnitudes of the various effects would depend on the 
counting geometry. 

The conclusion drawn from this experiment is that the correct ion 
curve for gamma-ray scattering and self-absorption as a function of gold-
foil thickness depends on the way the activity is distributed in the foil--that 
is, on the nature of the neutron spectrum in which the foil was i r r ad ia ted - -
unless the counting bias is set high enough to exclude the X rays and the 
Compton-scattered gamma rays. 

Consequently, experiments involving the gamnaa counting of activated 
gold will be simplified if the counting threshold is routinely set at 380 keV 
or so--just below the 411-keV photopeak. Then a curve such as the "high 
bias" one of Fig. 4 (which might have to be separately determined for each 
counting system) can be used for both thermal and epithermal activation. 
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